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The threshold for the T*(p, )He? reaction has been carefully measured using protons from the Los Alamos 
electrostatic generator and a thick target of tritium absorbed in a zirconium disk. The neutrons were ob- 
served at 0°, and the proton energy was measured relative to the accurately measured Al?"(p, -y)Si** resonance 
at 993.3 kev. The threshold for neutrons is found to be at a proton energy of 1019-1 kev, giving for this 
reaction Q= — 764-1 kev. Assuming the rest mass of the neutrino,to be zero, and the maximum energy of the 
B-particle from the decay of tritium to be 18.5 kev, 7822-2 kev is obtained for the neutron-hydrogen mass 


difference. 





INTRODUCTION 


ONSIDERABLE interest in the neutron-hydrogen 
mass difference has been aroused by the remeas- 
urement of the deuteron binding energy by Bell and 
Elliott.! They obtained a binding energy of 2.237+0.005 
Mev measured relative to the ThC”’ 2.620-Mev gamma- 
ray as a standard. This is approximately 50 kev higher 
than the previously accepted? deuteron binding energy. 
From the H'H!—D? separation of 1.4330.002 Mev’ 
they calculate the n— H' mass difference to be 804+9 
kev. Tollestrup* and his collaborators have measured 
the Q values of the two D—D reactions obtaining 


D+ D*= T*+ H'+4.036+0.022 Mev 
= He*+n'+3.265+0.018 Mev 


from which they calculate n—H'=789+6 kev; the 
differences of the Q’s is measurable with greater precision 
than the absolute value of either. The best previous 
value” > of the mass difference has been taken to be 


754+5 kev. 
In view of the marked discrepancy between the recent 
measurements and the earlier work, the present meas- 


* This paper is based on work performed under Government 
Contract No. W-7405-eng-36 at the Los Alamos Scientific Labora- 
tory of the University of California. 

1R, E. Bell and L. G. Elliott, Phys. Rev. 74, 1552 (1948). 

2W. E. “73 Rev. Mod. Phys. 19, 19 (1947). D. J. Hughes, 
Phys. Rev. 70, 219 (1946). 

+R. Cohen and W. R. Hornyak, Phys. Rev. 72, 1127 (1947). 

‘ Tollestrup, Jenkins, Fowler, and Lauritsen, private communi- 
cations, to be published soon. 

5K. T. Bainbridge, Isotopic Weights of the Fundamental Isotopes 
(National Research Council, June, 1948), p. 4. 


urement is considered particularly informative. The 
threshold for the T*(p, m)He’ reaction gives immediately 
the Q of the reaction. With the additional information of 
the maximum energy carried away by the §-particles in 
the decay of tritium one can calculate the n—H' mass 
difference. 


T*+ H'=He®+n+Q 
T’=He’+Estu, (1) 


where T*, H', and He’ are atomic masses, and Eg is the 
maximum energy of the particle from the decay of 
tritium. Assuming the rest mass yu of the neutrino to be 
zero, one gets 
n— H'=(T*—He*)—Q 
= Es—Q. (2) 


Ez is known to within one kilovolt,* and n— H! will be 
known to within the sum of the errors of Eg and Q. 


EXPERIMENTAL PROCEDURE > 


The Los Alamos electrostatic generator was used to 
produce a monoergic beam of protons. The energy of the 
generator is controlled by an electrostatic analyzer 
which utilizes the diatomic beam in a feedback control 
loop. The recently determined highly accurate nuclear 
energy scale of Herb, Snowdon, and Sala’ establishes a 


¢E. R. Graves and D. Meyer, private communication, to be 
submitted for publication in Phys. Rev. J. L. McKibben and A. 
Shurig, private communication. G. C. Hanna and B. Pontecorvo, 
Phys. Rev. 75, 983 (1949). Curran, Angus, and Cockroft, Phil. 
Mag. 40, 53 (1949). 

7 Herb, Snowdon, and Sala, Phys. Rev. 75 ,246 (1949). 
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TABLE I. Threshold voltage for three separate runs. 








T3(p, n)He? 
potentiometer 
setting 


Al?7(p, )Si?8 
potentiometer 
setting 


T3(p, »)He® 
threshold Mev 


1.0197 
1.0196 
1.0189 


Av.= 1.019+0.001 





0.4933 
0.4942 
0.4939 


0.4806 
0.4815 
0.4815 








suitable energy scale against which to calibrate the 
electrostatic analyzer. They have made the following 
three energy determinations: Li’(p, 2)Be’ threshold at 
1.8822+-0.0002 Mev, the AIl?"(p, )Si?® resonance at 
0.9933+0.0002 Mev, and the F!(pa’, ~)O'* resonance 
at 0.8735+0.0001 Mev. To make use of- these three 
energy points, a paddle wheel type of target assembly 
holding four different target materials was constructed, 
as shown in Fig. 1. The wheel was within the vacuum 
system, and was rotated by a horseshoe magnet from 
outside, making possible a rapid switching from one 
target to another. For the calibration points, a freshly 
scraped aluminum plate about 35 of an inch thick was 
placed on one of the target holders, and a crystal of LiF 
about one-mm thick on another. Both of these targets 
were “thick” for protons in the energy range to be 
covered. 

A clean disk of zirconium was placed on the third 
paddle, and a “thick” target of tritium absorbed in a 
zirconium disk on the fourth. This type of tritium target 
has been developed in this laboratory by E. R. Graves, 
A. A. Rodriguez, M. Goldblatt, and D. Meyer.® Meas- 
urements on neutron yield from this target show that 
for protons in the neighborhood of 1.5 Mev the zirconium 
served to “dilute” the tritium to about one-fifteenth the 
concentration of an equivalent thick gaseous tritium 
target. 

A large liquid nitrogen trap was placed near the 
target between the target and the oil diffusion pumps. 
The distance from the mouth of the pumps to the target 
was 3 meters. The trap was kept full of liquid nitrogen 
throughout the course of the experiment, and at the 
conclusion there was no visible darkening of the alumi- 
num or zirconium targets, indicating that the trap was 
very effective in preventing oil vapor from reaching the 
target chamber. 

The neutrons were detected at 0° with a flat energy 
response counter® placed 141 cm from the target. The 
gamma-rays were detected at 90° with two thin-wall 
G-M tubes crossed and in coincidence. A }-inch lead 
converter was used immediately in front of the first 
tube. The G-M tubes were placed in a lead pig having 
2-in. thick walls, and the pig was hung as closely as 
possible to the target without being in physical contact. 

Since the primary energy standard was the position of 

* E. R. Graves, A. A. Rodriguez, M. Goldblatt and D. Meyer, 


private communication, to be published in Rev. Sci. Inst. 
* A. O. Hanson and J. L. McKibben, Phys. Rev. 72, 673 (1947). 


the Al?’(p, )Si?® resonance at 993.3 kev, the experi- 
mental procedure was to swing the aluminum target 
into the path of the proton beam and run a thick target 
yield curve for the gamma-radiation as a function of 
proton energy, locating precisely the resonance on our 
electrostatic analyzer scale. The background was de- 
termined by running on the clean zirconium target and 
was found to be negligible. The LiF crystal was then 
swung into position in the beam and observations of the 
F(pa’, y) resonance and the Li’(p, m)Be’ threshold 
made. A calculation of the energies of these points using 
the calibration factor obtained by assuming the Al(, +) 
resonance to be at 993.3 kev gave an indication of the 
linearity of our scale, and in addition the consistency of 
the three measurements precluded any gross mistakes in 
our observations. The Zr+T target was then swung into 
place and the threshold for the T(p, 2) reaction observed. 

The proton beam was monitored with a current 
integrator'® and was kept below 3 microamperes while 
running on the Zr+T target to prevent over-heating 
and driving off any of the tritium. The Al and LiF 
targets were run at a dull red heat with a beam of from 
7 to 10 microamperes. 


EXPERIMENTAL RESULTS 


Figure 2 shows a set of curves obtained in a typical 
run. The energy scale is broken to permit sufficient ex- 
pansion of the scale to show the precision of the meas- 
urements. All energy points are calibrated against the 
Al(p, y) resonance at 993.3 kev as a standard. The total 
widths of the Al(, 7) and the F(pa’, y) resonances were 
very close to 2 kev. Since these were thick targets, the 
energy at the midpoint of the rise was taken to be the 
resonance energy in each case. The energy ripple of the 
electrostatic generator has previously been estimated at 
one to two kev, which is closely checked by the above 
measured resonance widths. It will be seen from the 
curves that the measured energy of the F(pa’, y) reso- 
nance and the Li(#, m) threshold relative to the Al(p, 7) 
resonance fall within one kev of the values given by 
Herb, ef al.’ A run on a piece of metallic lithium gave an 
identical threshold to that found with the LiF and was 
done to make sure that crystal charging did not shift the 
energy by a few kilovolts. 

The “foot” on the T*(p, ~)He* threshold curve is ap- 
proximately 2-kev wide, which also is in agreement with 
the expected ripple of the electrostatic generator. The 
true threshold for the reaction is obtained by ex- 
trapolating the straight portion of the curve until it 
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Fic. 1. Target assembly. 


10 H. T. Gittings, LADC #520 (1948). 
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intersects the background. In this case the background 
is zero for all practical purposes. 

The results of the three separate runs are shown in 
Table I. As the Al(p, y) resonance was used as a primary 
calibration point for each run, the potentiometer setting 
corresponding to the electrostatic analyzer voltage for 
the resonance is listed for each run. The electrostatic 
analyzer controlled the energy of the incident proton 
beam. The potentiometer setting shifted slightly during 
the course of the measurements; the shift could be 
rather closely correlated to the time of day the measure- 
ment was being taken. Presumably this shift is a tem- 
perature effect in any or all of the energy controlling 
elements: the electrostatic analyzer, the resistor stack 
for the electrostatic analyzer and the standard cell in the 
potentiometer circuit. The same shift was observed in 
the T*(p, 2)H® threshold, but as the threshold was com- 
pared directly with the Al(p, y) resonance measured at 
approximately the same time, we believe that any 
temperature effect has been eliminated from the final 
value. We wish to point out, however, that the maxi- 
mum magnitude of this temperature shift was only of 
the order of 2 kev. 

Run 3 was made after removing the zirconium 
+tritium disk from the target chamber and polishing it 
with number 600 carborundum. It was feared that an 
oxide coating might have built up on it prior to our use 
of it, but the shift in the threshold after the surface was 
polished was about —0.7 kev, and as this is within the 
voltage ripple of the machine we cannot attach much 
significance to it. There was essentially no neutron 
background below the two reaction thresholds. 

The average value of the T*(p, m)He® threshold is 
calculated to be 1019+1 kev. Taking (Mr/Mr+Mzu) 
=0.7495 as the mass factor for transforming from the 
laboratory system to the center of mass system, the Q 
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Fic. 2. Yield curves from a typical run. 


value for this reaction is: 
Q=—0.7495 X 1019= — 763.7+1 kev. 


Assuming the end point of the 8-ray spectrum from the 
decay of tritium to be 18.5 kev® then from Eq. (2) 


n— H'=782+2 kev. 


This is 28 kev higher than the previously accepted” ® 
value and approximately 20 kev lower than the recently 
determined values of Bell and Elliott.! The revised 
figures of Tollestrup, Jenkins, Fowler, and Lauritsen‘ 
are in agreement with these results. One calculates from 
this a neutron mass of 1.0089683--0.0000049 A. M. U. 

Bell and Elliott had to assume the value of the 
H'H'—D* mass spectrographic doublet in obtaining 
their value for the n— H! difference. K. T. Bainbridge" 
has suggested that the n— H' measurement reported in 
this paper, together with the deuteron binding energy 
measured by Bell and Elliott might be a good means of 
checking the H'H'!— D* doublet separation. 

We wish to express our appreciation for the help given 


in several phases of the experiment by H. T. Gittings - 


and G. Everhart. 


11K. T. Bainbridge, private communication. 
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Coincidence and Absorption Measurements on Cs'*, I’, Au’, and Ca*® 


J. LAwrENcE MEEM, JR. AND FRED MAIENSCHEIN 
Physics Department, Indiana University, Bloomington, Indiana 
(Received April 1, 1949) 


The beta-ray spectrum of Cs™ was investigated by absorption and beta-gamma-coincidence measurements. 
Beta-rays of 0.60 Mev and about 90 kev were observed. In I™, the maximum energy of the beta-rays was 
found to be 2.30 Mev and beta-gamma-coincidences showed the beta-spectrum to be simple. A maximum 
gamma-ray energy of 2.24 Mev was observed with several lower energy gamma-rays indicated. Gamma- 
gamma-coincidences were found, but coincidences between beta-particles and internal conversion electrons 
could not be detected. Au'® exhibited a beta-ray of 0.32 Mev, and the beta-gamma-coincidence rate per beta- 
ray was independent of absorber thickness. A maximum gamma-ray energy of about 0.21 Mev was found by 
coincidence absorption of photoelectrons and coincidences between beta-particles and internal conversion 
electrons. Gamma-gamma-coincidences were obtained. The 43-minute isomeric state of Hg sometimes 
attributed to Hg'®® was not observed to grow from Au’, Ca“ was found to have a single beta-ray of 0.22 Mev 


and no gamma-rays. 





1. INTRODUCTION 


OINCIDENCE and absorption measurements have 
been made on Cs, TI), Au’, and Ca*®, Cs! has 
been investigated recently by Elliot and Bell! and 
Siegbahn and Deutsch.’ Very little information has been 
available on I'*, but recent investigations on Au!®® have 
been done by Peacock and Wilkinson? with a spectrome- 
ter, and by Mandeville, Scherb, and Keighton‘ using 
coincidence methods. Ca‘ has been investigated by 
Solomon and Glendenin® and by Matthews and Pool.® 


2. APPARATUS AND PROCEDURE 


The coincidence apparatus used consisted of two 
Geiger-Miiller tubes each connected to a pre-amplifier 
and then to one channel of a two-channel coincidence 
counting apparatus similar in principle to that of Jurney 
and Mitchell.’ A resolving time of about 0.6 microsecond 
was used in all coincidence experiments described in this 
paper. 

The arrangement of the counters with respect to the 
source was that generally used for coincidence and ab- 
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Fic. 1. Counter arrangement for coincidence absorption of 
Compton recoil electrons. 


1L, G. Elliot and R. E. Bell, Phys. Rev. 72, 979 (1947). 

* K. Siegbahn and M. Deutsch, Phys.-Rev. 73, 410 (1948). 

*C. L. Peacock and R. G. Wilkinson, Phys. Rev. 75, 329A 
(1949) and private communication. 

* Mandeville, Scherb, and Keighton, Phys. Rev. 74, 601 (1948). 

* A. K. Solomon and L. E. Glendenin, Phys. Rev. 73, 415 (1948). 

° D. E. Matthews and M. L. Pool, Phys. Rev. 72, 163 (1947). 
as 4s) T. Jurney and A. C. G. Mitchell, Phys. Rev. 73, 1153 


sorption measurements.* In general, cylindrical lead 
cathode counters were used for counting gamma-rays. 
However, for counting very low energy gamma-rays (of 
the order of 0.1 Mev), two silver cathode glass counters 
were used. 

For counting beta-particles an end window counter 
with a mica window of 5.6 mg/cm? thickness was gener- 
ally used. For counting very low energy particles (about 
0.1 Mev) windows of condenser paper coated with 
Formvar were used. These windows had a thickness of 
0.8 mg/cm? and the counters and source were placed in 
an airtight chamber which could be evacuated. Using 
this technique, beta-particles with ranges as low as 1 
mg/cm? could be counted, corresponding to about 
23-kev electron energy. All range energy relations for 
electrons were obtained from the curve of Glendenin.°® 

Coincidences between beta-particles and internal con- 
version electrons were measured using two end window 
counters in the evacuated chamber described above. 
The windows of the counters had a surface density of 
0.8 mg/cm. In all cases the absorbers were placed before 
both counters. 

The energy of the highest energy gamma-ray was de- 
termined by the coincidence absorption in aluminum of 
Compton recoil electrons. A special “Compton Counter”’ 
was devised for these experiments and is shown in Fig. 1. 
Using an end window counter with a 5.6-mg/cm? 
window, the center wire was introduced from the side 
rather than from the back of the counter. The tube for 
evacuating the counter was also inserted in the side. The 
back of the counter then served as a radiator for Compton 
electrons, when the source was placed behind it as 
shown. The Compton electrons which gave coincidences 
traveled through the window and into a second end 
window counter placed facing the first as shown. Ab- 
sorbers were placed between the two counters. Knowing 
the thickness of the mica windows and the absorber 
thickness, the energy of the electrons? being counted 
could be determined closely. If W is the maxi- 


8 A. C. G. Mitchell, Rev. Mod. Phys. 20, 246 (1948). 
§L. E. Glendenin, Nucleonics 2, 12 (1948). 
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mum energy of the Compton recoil electrons, then 
W =hv/(1+-moc?/2hv) and the energy of the gamma- 
ray, hv, may be calculated. 


3. RESULTS 
Cc gi 


The disintegration scheme of Cs! has been investi- 
gated by Elliot and Bell' and by Siegbahn and Deutsch? 
using spectrometer and coincidence techniques. From a 
Fermi plot of the beta-ray spectrum Elliot and Bell 
found two beta-ray groups with end-point energies of 
0.658+0.030 Mev and about 0.090 Mev. They esti- 
mated that the low energy group represents about 28 
percent of the total number of beta-rays. From absorp- 
tion measurements using a windowless counter Siegbahn 
and Deutsch estimated the abundance of this group as 
3248 percent. Beta-gamma-coincidences have been 
measured by Wiedenbeck and Chu.!° They obtained a 
constant ratio Vs,/Ng, independent of beta-ray energy, 
but only one point was taken in the very low energy 
region. 

The spectrum of Cs! has been investigated by ab- 
sorption and beta-gamma-coincidence methods. The 
source was obtained from Oak Ridge and was purified 
by an amberlite resin ion exchange column at this uni- 
versity. For absorption measurements an end window 
counter with a window thickness of 0.8 mg/cm? was 
used, the counter and source being placed in an evacu- 
ated chamber. For very low absorption thicknesses the 
absolute air pressure in the chamber was used as the 
absorbing medium, this pressure being varied from 1 cm 
to 76 cm of Hg. At 1 cm of Hg absolute pressure the air 
absorption plus the window thickness represented a 
window cut-off of about 23 kev. Figure 2 shows the beta- 
ray absorption curve obtained. By visual inspection of 
the end point, and using the curve of Glendenin® 
showing beta-ray energy vs. absorber thickness, a maxi- 
mum beta-ray energy of 0.60-+0.03 Mev was obtained. 
The insert in Fig. 2 shows an enlargement of the low 
energy end of the curve. In this region the high energy 
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10M. L. Wiedenbeck and K. Y. Chu, Phys. Rev. 72, 1164 


(1947). 
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beta-ray curve is essentially a straight line and the low 
energy group may be clearly seen rising from it. An end 
point for the less energetic group may be readily de- 
termined and gives an energy of 96+8 kev. By ex- 
trapolating the curves back to zero absorber, the abun- 
dance of the low energy component was determined as 
34+5 percent. 

Using the same thin window beta-counter and a 
cylindrical lead counter to measure gamma-rays, a beta- 
gamma coincidence experiment was performed. The 
source and both counters were placed in the evacuated 
chamber for low energy determinations. The low energy 
end of the beta-gamma-coincidence curve is shown in 
Fig. 3. The curve extended on out to the right in the 
same straight line showing that except for very low 
energies the ratio V,/Ng was independent of beta-ray 
energy. However, again the presence of the very low 
energy beta-group may be clearly seen. The point of 
intersection of the sloping curve with the straight por- 
tion represents an energy of 8510 kev. Gamma- 
gamma-coincidences were observed in Cs and the ratio 
Ny1/N¥, had a value of 0.25+0.05X 10-. 

These results are in complete agreement with the 
disintegration scheme proposed by Elliot and Bell. 


yi 


Nothing is to be found in the literature on the radia- 
tions from I other than that it is a positron emitter 
and has a half-life of 4 days." I’ was made by bom- 
barding antimony with 23-Mev alpha-particles in the 
Indiana University cyclotron. The irradiated material 
was dissolved in nitric acid and potassium iodide carrier 
added. The iodide was immediately oxidized to iodine 
and the mixture was boiled using a reflux condenser. 
The iodine sublimed and collected on the walls of the 
condenser in solid form. This was washed out with 
carbon tetrachloride, the iodine reduced to iodide ion, 
and then precipitated as silver iodide. 

Since I? (13.0 days) may also be produced by bom- 
barding antimony with alpha-particles, the half-life was 
watched closely and when an appreciable amount of I'?¢ 
began to appear, experiments on I were stopped. 
Figure 4 shows the half-life for one of the sources. All 


lJ. J. Livingood and G. T. Seaborg, Phys. Rev. 54, 775 (1938). 
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Fic. 4. Decay of I". Experiments were conducted 
for only the first four days. 


measurements using this source were made during the 
first four days when the slope of the curve corresponded 
very closely to the reported half-life of I’. The same 
procedure was followed with a second source. It was 
estimated that less than 15 percent of the total activity 
could be ascribed to I'** while measurements on I'*4 were 
being taken. 

Figure 5 shows the results of absorbing the beta-rays 
in aluminum. The gamma-ray background was sub- 
tracted, and the resultant pure beta-ray curve analyzed 
by the method of Bleuler and Zunti." The maximum 
energy of the beta-rays was found to be 2.30+0.15 Mev. 
The analysis gave no indication of the presence of a 
lower energy beta-ray group. 

The maximum energy of the gamma-rays was meas- 
ured by the coincidence absorption in aluminum of 
- Compton recoil electrons using the counter arrangement 
shown in Fig. 1. The results are given in Fig. 6. The 
endpoint corresponds to an energy of 2.01 Mev for the 
electrons, or 2.24--0.15 Mev as the maximum gamma- 
ray energy. The curve shows several decided breaks at 
energies below the maximum indicating the presence of 
at least two lower energy gamma-rays. 

Beta-gamma-coincidences are shown in Fig. 7. The 
ratio Vs,/Ng was found to be independent of beta-ray 
energy down to an energy of less than 0.1 Mev, again 
indicating the presence of only a single beta-ray group. 
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curve was analyzed b 
the method of Bleuler 
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” E. Bleuler and W. Zunti, Helv. Phys. Acta XIX, 375 (1946). 
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Gamma-gamma-coincidences were measured using 
two lead counters, first with the source located midway 
between the counters (the 180° position) and then with 
one counter at an angle of 90° with respect to its first 
location but at the same distance from the source. The 
source was contained in a copper tube so that all posi- 
trons would be stopped and the subsequent annihilation 
radiation emitted from the geometrical center of the 
arrangement. The value of V,,/N,X10* in the 180° 
position was 0.975+0.027 and at 90° this ratio was 
0.370+0.017, the two values being related to each other 
by a factor of 2.6. This is to be compared with results 
from Cu®™ (a known positron emitter with no gamma- 
gamma-coincidences) which gave 2.83+0.14 in the 180° 
position and 0.25+0.05 in the 90° position, a factor of 
11.3. Accordingly the observations on I'* showed that 
while annihilation radiation was present, it did not 
account for all of the coincidences. Gamma-gamma- 
coincidences were also present. 

An attempt was made to measure coincidences be- 
tween beta-particles and internal conversion electrons. 
No such coincidences were observed down to an energy 
of about 23 kev. It was concluded that if internal con- 
version electrons are present in I’ they do not arise 
from a gamma-ray which is in coincidence with the 
beta-ray, or that if the gamma-ray in coincidence with 
the beta-ray is internally converted, the conversion 
coefficient is quite small. 

If a disintegration scheme is drawn for I’ and the 
2.30-Mev positron is considered as in coincidence with 
the 2.24-Mev gamma-ray, the excited state of I’ would 
have to lie at least as high as 4.5 Mev plus 2m’. It 
appears more logical to assume that the positron is in 
coincidence with a lower energy gamma-ray, and that 
the high energy gamma-ray results after K-capture. If 
K-capture were present, the characteristic x-rays of 
tellurium would be observed. By critical absorption in 
Ag, Cd, In, and Sn the characteristic x-rays of tellurium 
were found to be present. Since the number of internal- 
conversion beta-particle coincidences seems to be negli- 
gible, it would appear that the critical absorption ex- 
periments establish the presence of K-capture in I. 









Oy 


Fic. 6. Coincidence 
absorption of Compton 
recoil electrons in I. 
The breaks in the curve 
indicate the presence of 
lower energy gamma- 
rays. 
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Fic. 7. Beta-gamma-coincidences in I, 


Au! 99 


The radiations from Au!®® have been studied recently 
by Peacock and Wilkinson? using a spectrometer and’by 
Mandeville, Scherb, and -Keighton‘* using coincidence 
and absorption methods. Peacock and Wilkinson ob- 
served several gamma-rays, one of approximately 0.22 
Mev and others of lower energy, some of which were 
internally converted. In addition the beta-ray endpoint 
was 0.32 Mev. Mandeville, Scherb, and Keighton de- 
termined the beta-ray as 0.38 Mev but detected only 
one gamma-ray, by absorption in lead. 

The source here investigated was obtained from Oak 
Ridge in the form of platinum which had been irradiated 
with neutrons. Au! is formed from Pt!*® which decays 
with a thirty minute half-life. The platinum was dis- 
solved in aqua regia and gold carrier added. The gold 
was extracted from the platinum with ethyl acetate and 
the acetate solution washed with ammonium chloride 
solution to remove any mercury which might have been 
present. There is a 43-minute isomeric state of Hg which 
has been attributed" to either Hg'*® or Hg”. Since 
Au!®® decays to Hg!®, one would expect to find this 
metastable state, if Hg! is the correct assignment. The 
purified gold, which was dissolved in ethyl acetate, was 
allowed to stand for several hours to permit the sup- 
posed 43-min. Hg!® to form. The ethyl acetate solution 
was then washed with ammonium chloride to take out 
any mercury formed and the resultant mercury checked 
for activity. This procedure was repeated several times. 
No 43-minute activity was found. 

The absorption of the beta-rays of Au’® in aluminum 
is shown in Fig. 8. An end point of 0.320.01 Mev was 
obtained in agreement with Peacock and Wilkinson. 
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13M. Friedlander and C. Wu, Phys. Rev. 63, 227 (1943). Sherr, 
Bainbridge, and Anderson, Phys. Rev. 60, 473 (1941). 
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The gamma-radiation was first investigated by ab- 
sorption in lead. This indicated the presence of at least 
two gamma-ray energies of around 0.24 Mev and 0.14 
Mev. A more exact determination of the maximum 
gamma-ray energy was obtained by measuring the 
coincidence absorption of recoil electrons in aluminum 
using the counter arrafigement shown in Fig. 1. The 
results are given in Fig. 9, which shows the maximum 
energy of the recoil electrons to be 0.205+0.015 Mev. If 
these recoils were Compton electrons, the gamma-ray 
energy would be 0.34 Mev, but if the recoils were 
photoelectrons ejected from the wall of the brass 
counter, 9 kev should be added giving 0.214+0.015 Mev 
as the maximum gamma-ray energy. This value is ap- 
proximately the same as that obtained by Peacock and 
Wilkinson. It may appear that the number of photo- 
electrons produced would be too small to give an ab- 
sorption endpoint. However, for a 0.214-Mev gamma- 
ray the Compton recoil electrons would have a maximum 
energy of 0.095 Mev which energy would have been 
completely cut out by the thickness of the counter 
windows plus the air between the counters, a total of 
14.2 mg/cm*. With these Compton electrons cut out, the 
endpoint would have been that due to photoelectrons. 

Absorption of the coincidences between beta-particles 
and internal conversion electrons, Fig. 10, gave an 
endpoint of 0.120+0.015 Mev. Adding to this the 
binding energy of the K-electrons of mercury, 0.083 
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Fic. 10. Beta-beta-coincidences in Au!®*. The absorber was either 
air or aluminum placed before both counters. 
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Fic. 11. Beta-gamma-coincidences in Au!®?, 


Mev, gives the energy of the most energetic gamma-ray, 
which is internally converted as 0.203+0.015 Mev, in 
agreement with the value obtained for the maximum 
gamma-ray energy from absorption of photoelectron 
coincidences. 

A beta-gamma-coincidence rate per recorded beta-ray 
was obtained which was independent of beta-ray 
energy, as shown in Fig. 11. This indicated the presence 
of only a single beta-ray or that any lower energy beta- 
ray groups are of low abundance. Gamma-gamma 
coincidences were observed using two silver cathode 
glass counters and enough aluminum absorber to cut out 
all the beta-rays. The ratio N,,/N, was 0.19+-0.01 
aa. 


Ca‘t® 


Measurements by Solomon and Glendenin® and by 
Matthews and Pool’ have shown Ca** to be a simple 
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beta-ray emitter unaccompanied by gamma-rays. 
Solomon and Glendenin obtained a beta-ray endpoint of 
0.26 Mev and Matthews and Pool obtained 0.21 Mev. 
In the present experiment, a source of Ca** obtained 
from Oak Ridge, was chemically purified and an absorp- 
tion curve taken. This absorption curve is shown in 
Fig. 12. The beta-ray endpoint is found to be 0.22+0.01 
Mev, and in addition there were no gamma-rays present. 

This work was assisted by the joint program of the 
ONR and the AEC. The authors wish to thank Pro- 
fessor A. C. G. Mitchell for his interest and advice in 
this work. They also express their appreciation to Mr. 
E. T. Jurney for many valuable suggestions. 
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Long-Lived Tellurium Isomers 
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The internal conversion electron spectra of neutron-activated enriched tellurium isotopes have been 
studied. It has been shown that each odd mass-number isotope from 121 to 131 exists in a long-lived isomeric 
state. In all cases the initial isomeric transition is 2‘-pole magnetic, which appears to identify the long-lived 
isomeric states with a spin of 11/2. The spins of the ground states of Te”’, Te!*, Te!*' would appear to be 
3/2, and that of Te! 1/2. Information about Te and Te! ground states is incomplete. 





INTRODUCTION 


HE observation! that Sb when bombarded by 
energetic deuterons gave rise to a Te activity of 
about 140-day half-life and a profusion of internal con- 
version lines appeared to point to a particularly com- 
plicated Te! isomeric decay. The assignment of the 
lines to Te”! had been made many times on the basis of 
the existence of 121 being the only gap which could be 
filled by a d—2n reaction from Sb™ and Sb*, as well 
as on the existence of only one period of decay of the 
activity. At the time of these experiments, however, it 
was felt that there was room for the existence of two 
isomers Te!! and Te’, produced from Sb’! and Sb”, 
which would have very similar lifetimes arising from 
the very similar 82 and 88.5-kev transitions. Separated 
Te isotopes were accordingly obtained from Oak Ridge 
and bombarded for a month in the pile there. This has 
led to a clarification of the Te"! radiations, the dis- 
covery of an isomer of Te’”*, and a general survey of the 
Te isomers. 


EXPERIMENTAL RESULTS 


The internal conversion spectra of the activated Te 
isotopes were determined with a 180° focusing beta-ray 
spectrograph. The results are set down in Table I. The 
lifetime of Te!?* has been inferred from the change in 
the intensities of the K-conversion lines of the 88.5 and 
82-kev transitions over a period of 7 months. Immedi- 
ately after separation of the Te fraction from the 
deuteron bombarded Sb, the intensity ratio of the 
(88.5-K) line to the (82-K) line was equal to 1.25. 
Approximately 7 months later, the ratio had diminished 
to 0.75. The half-life of Te'*, equal to 90 days, was 
calculated assuming a half-life for Te?! of 140 days. 
Both of these estimates are probably too low and the 
activities of the separate Te”! and Te!* isomers are now 
being followed. 

The spectra from the activated Te isotopes are 
reproduced in Fig. 1. Certain lines are common to more 
than one spectrum. For example, the topmost spectrum 
is from deuteron bombarded Sb and is due to the 
mixed Te"!, Te!2* isomers. The stable isotope Te!” was 
not obtainable in the enriched form. Analyses of the 

* This work was assisted by the joint program of the ONR and 


the AEC. 
1 R, D. Hill and J. W. Mihelich, Phys. Rev. 74, 1874 (1948). 


enriched isotopes which were bombarded are shown in 
Table IT. The lines due to Te"® appear in Te!”* and are 
due to 2.9 percent impurity of Te‘. The question might 
be raised as to whether the lines of the 88.5-kev transi- 
tion in Te!’ are not due to an impurity of Te! in 
Te!*, This appears to be very unlikely since Te is 
present only to 0.1 percent in Te!® (95.4 percent), 
whereas the 88.5-kev lines are absent in the Te! 
spectrum where Te'™ is present to the extent of 1.5 
percent in Te!4 (84 percent). There is also no evidence 
for the 159-kev transition in the Te!’ spectrum. A 
transition of 86 kev was observed by Helmholtz‘ 
present in the activity of Te!?’. 

For the 106-kev transition in Te!®, Helmholtz ob- 
served 102 kev. The value of 177 kev for the transition 
in Te!*! is due to Helmholtz. This line was not observed 
in the present experiments although the irradiated Te!*° 
was placed in the spectrograph within about 36 hours 
of removal from the pile. Activated Te! gave, however, 
the 80 and 163.6-kev* transitions due to I'™ (8 day) 


Taste I. Half-lives and transitions of tellurium isomers. 








Isomer 121 123 125 127 129 131 

Half-life (day) 14 90 58% 90? 322 1.2? 

Transitions (kev) 82 885 109.7 885 106 1774 
213 159 35.4 








which grows from Te!*!, The 80-kev transition provided 
a useful check on the energy calibration® of the spec- 
trograph. A value of 80.4 kev was obtained from the K 
conversion line and 79.4 kev from the L-line, agreeing 
well with DuMond’s value of 80.1 kev. 

Very rough activation isotopic cross sections can be 
obtained for the capture of slow neutrons and the 
production of Te!* and Te! activities. The following 
values: Te!®~1 barn, Te”*~5 barn, were obtained 
from a comparison with Seren’s® for Te! (0.008), 
Te!® (0.015), Te!?® (0.073). 


* Note added in proof: It has since been recognized by Brosi, 
DeWitt, and Zeldes [Phys. Rev. 75, 1615 (1949) ] that this tran- 
sition arises from a 12-day isomer of Xe™!. 

2 G. T. Seaborg and I. Perlman, Rev. Mod. Phys. 20, 616 (1948). 

3 Friedlander, Goldhaber, and Scharff-Goldhaber, Phys. Rev. 
74, 981 (1948); Hill, Scharff-Goldhaber, and Friedlander, Phys. ~ 
Rev. 75, 324 (1949). 

4A. C. Helmholtz, Phys. Rev. 60, 415 (1941). 

5 Lind, Brown, Klein, Muller, and DuMond, Phys. Rev. 75, 
1633A (1949.) 

6 Seren, Friedlander, and Turkel, Phys. Rev. 72, 888 (1947). 
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DISCUSSION OF ISOMERISM 


The similarity between the lifetimes and transition 
energies of the odd atomic mass isomers of Te is 
striking. (Only one odd isotope, Te!”*, was bombarded 
with neutrons but no activity or transitions were de- 
tected, other than those due to the impurities of the 
already known odd isomers.) 

In Table III are set down the relevant experimental 
and analytical data pertaining to the odd Te isomers. 
The angular momentum changes / of the long lived 
transitions were obtained from the relation 


ty=[3(1!)?/p"!]- (137/W)?1- (h/me*), 


where 1, is the experimental lifetime multiplied by 
(1+conversion coefficient in all shells). The estimated 
conversion coefficient in all shells was obtained using 
the experimental Nx/Nz ratio and the value of the 
K-conversion for a trial / value. In all the Te isomer 
cases, the afigular momentum change of the transitions 
having the lowest Vx/N z ratios is /=4 magnetic and/or 
1=5 electric. As shown by Drell,’ the amount of mag- 
netic multipole conversion is high, and in all cases 
amounts to approximately 95 percent. 

Second transitions, following the long-lived transi- 
tions, occur in the three lowest mass number cases. The 
lifetime for the 213-kev transition was found® to be 
5X10- sec. 


88.5L 88.5M 


"097K 


HILL 


From the Nx/Nz ratios, the angular momentum 
changes® of the 213 and 159 transitions are probably 
3 electric and 1 magnetic, respectively. Assuming that 
the ratios of the intensities of the K-electrons of the 213 
and 159 transitions to the total electron intensities! of 
the 82 and 88.5 kev transitions may yield the K-con- 
version coefficients of the former transitions, the values 
obtained are 0.13 and 0.17, respectively. Using the con- 
version tables of Rose,!® then, one obtains for the 213- 
kev transition, ax2?-electric=0.10, ax2*-electric=0.39; 
Bx2?-magnetic=0.39; and for the 159-kev transition 
Bx2'-magnetic=0.17. The analysis for the 159 kev 
transition therefore seems to indicate /=1, magnetic, 
even parity change; but for the 213-kev transition the 
assignment of an angular momentum change is dif- 
ficult to specify at present. The identity of the two weak 
electron lines! of 32.5 and 35 kev in the spectrum of Te’! 
also remains to be determined. In the case of Te! 
only the L- and M-conversion lines have been observed, 
and values of the Vx/N 1x or K-conversions are therefore 
not available. 

According to Feenberg and Hammack," on the basis 
of a one-particle nuclear shell structure theory, a region 
of isomerism should occur in the isotope table around Z 
or N=63 to 81 (approximately) where the 1h, 2d, 2p 
and 3s levels may cross.” The isotopes of Te’! to Te!*! 
lie in this region with N equal to 69, 71---79, and the 
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Fic. 1. Internal conversion spectra of Te isomers. The weak lines, caused by the following transitions, which are clearly visible on 
the original film, have been retouched for the purposes of reproduction: Te"! (213 kev), Te! (35.4 kev), Te!” (88.5 kev), Te! (106 


kev). 


7S. D. Drell, Phys. Rev. 75, 132 (1949). 


8 P. T. Bittencourt and M. Goldhaber, Phys. Rev. 70, 780 (1946). 


° M. H. Hebb and E. Nelson, Phys. Rev. 58, 486 (1940). 


10M. E. Rose and others, “Tables of K-shell Internal Conversion Coefficients.” 
1 E. Feenberg and K. C. Hammack, Phys. Rev. 75, 1877 (1949). See also L. Nordheim, Phys. Rev 75. 1894 (1949). 


1 The nomenclature is according to M. G. Mayer, Phys. Rev. 75, 1969 (1949). 





LONG-LIVED TELLURIUM 


TaBLE II. Isotopic abundances of enriched tellurium samples. 








Stable Sample Sample- Sample Sample Sample 
isotope (1) (2) (3) (5S) 


122 79 
2 


Sample 
(6) 





A 0. 
123 1.4 0. 
124 2.9 0 
125 6 0. 
126 4.6 
128 4.9 
130 4.0 


<0 
<0. 
<0. 
<0. 
0. 
2 


1 
1 
1 
1 
3 
3 
4 


1 
1 
1 
2 
1.5 
94.4 
3.9 


97 








required values of angular momentum changes for the 
isomeric transitions are also possible on the theory. 

In order to obtain the large angular momentum 
changes associated with the long-lived isomeric states 
it is necessary to attribute the first transitions to ones 
to or from a (1h) level. The possible transitions between 
the available levels are: 


(1yj2)2(2ds/2) ; - (1h11/2)=2(2p3/2) ; 
(1h9/2)=2(2p3); (1ho/2)2(35;). 


Two of these transitions, those to the 29 level, can be 
ruled out since the selection rule for a 2‘-magnetic 
transition requires an odd parity change. 

The second transitions must evidently be treated 
independently for each isotope. No second transitions 
have been observed at all for Te!?’, Te”, and Te!* but 
these cannot be ruled out entirely as the transitions 
might be low energy ones or might possibly be weakly 
converted. If we consider the best known case at present 
of Te’?*, it appears that the second transition, between 
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TasLe III. Angular momentum changes of telliurium 
isomer transitions. 








Isomer Teli Telzs Tels Tel27 Telzs Tels 
Half-life (days) 140 90 58 90 30 1.2 
yi-transition (kev) 82 88.5 109.7 88.5 106 177 
NK/NL 0.77 0.92 1.5 0.75 1 2 
Ang. mom. change 4mag. 4mag. 4 mag. 4mag. 4mag. 4 mag. 


y2-transition (kev) 213 159 35.5 
NK/NL 4.2 7.7 ? 
K-conv. coeff. 0.13 0.17 ? 
Ang. mom. change ? 1 mag. 








the available levels according to theory, may be one of 
the following: 


(2d52)e2(2psy2); (2dsj2)=2(2p3);  (2d3/2)=2(353) ; 
(2ps2)e2(35y);  (2p4)2(3sy). 


All of the transitions to or from the 2 level are again 
ruled out on account of the selection rule for a 2'-mag- 
netic transition which requires an even parity change. 
The transitions in Te!* thus indicate the existence of 
the (1412), (2ds2) and (3s;) levels. These are just the 
levels which are being filled in the region of Te, 
N=69—79, according to Mayer’s theory.” 
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The specific alpha-activity of U-234 has been determined using pure samples grown from UX. The half- 
life period was found to be 2.67+0.04 (L. E.) X10 yr. The corresponding abundance in natural uranium is 
0.0000580--0.0000008 by weight in fair agreement with determinations by other methods. 





INTRODUCTION 


N order to measure the specific alpha-activity of 
U-234 directly, two measurements are required. The 
first is the determination of the alpha-activity of a given 
sample. This is ordinarily done by pulse counting with 
an ionization chamber and linear amplifier using me- 
dium to high activity samples. If other alpha-active 
isotopes are present in the samples used, their effect 
must also be determined. 

The second measurement required is a determination 
of the U-234 content of each sample. This has usually 
been obtained by measuring the relative ion currents pro- 
duced by U-234, U-235 and U-238 in a mass spectrom- 
eter from samples of highly enriched uranium. Weighed 
samples then contain known fractions of U-234, U-235 
and U-238. Highly enriched samples have been available 
in which the alpha-activity of the U-235 is less than five 
percent of the alpha-activity of the U-234. The activity 
of the U-238, of course, is completely negligible (less 
than 1/4000). 

Determinations of this type have been reported from 
Los Alamos' together with indirect determinations 
based on the abundance of U-234 in natural uranium. 
An error of less than six percent is estimated by these 
authors for their average value of the specific alpha 
activity of U-234. Further measurements of the same 
type have been carried on at this laboratory? and at 
Y-12, a large enough series of results having been ob- 
tained to reduce the limit of error (95 percent proba- 
bility) to two tenths percent, exclusive of possible bias. 

The U-234 specific alpha-activity has now been de- 
termined without direct use of mass spectrometer 
- measurements through a radioactive growth method 
similar to that of Gratias* and others. This work was 
undertaken to eliminate the effect of possible bias in the 
mass spectrometer measurements and the experimental 
difficulties in accurate high speed alpha-counting. A few 
micrograms of radioactively pure U-234 have been pre- 
pared and known fractions thereof have been alpha- 
counted at moderate counting rates (below 1500 counts 


* This document is based on work performed for the Atomic 
Energy Commission by Carbide and Carbon Chemicals Corpora- 
tion, Oak Ridge, Tennessee. 

** Present address: Columbia University, New York, N. Y. 

10. Chamberlain, D. Williams, and P. Yuster, Phys. Rev. 70, 
580 (1946). 

2 C. A. Kienberger, to be published. 

30. A. Gratias, Phil. Mag. 17, 491 (1934). 


per minute). This is very briefly the work to be described 
in more detail in the body of this report. 


DETAILS OF METHOD 
Starting Material 


Quantities of a concentrate rich in UX, (Th-234) have 
been developed as a source of UX in cooperation with 
the Technical Division at X-10 where further purifica- 
tion has been carried out by ion exchange methods. As 
considerable quantities of crude UX became available, 
the preparation of small quantities (say, a few micro- 
grams) of U-234 seemed possible. The UX; is formed by 
alpha-decay of U-238 and is then successively trans- 
formed by two beta-ray emissions to U-234. 

The quantitative purification of such small quantities 
of U-234 for weighing by non-carrier methods was not 
deemed possible after extensive consultation with mem- 
bers of the Chemistry Division at X-10. It has been 
possible, however, to calculate the weight of U-234 from 
the weight of the parent U-238 and the several decay 
periods and constants involved. This required accurate 
knowledge of the specific alpha activity of U-238 and of 
the decay constant of UX. 

Specific Activity of U-238 

In special samples of nearly pure U-238 separated 
electromagnetically, by the use of fission counting with a 
moderated radium gamma-beryllium photo-neutron 
source, the U-235 content has been shown to be less than 
seven parts per million. Considering the method of 
preparation, the U-234 depletion factor compared with 
natural uranium is expected to be larger than that for 
U-235. Thus, less than one-thousandth as much U-234 
was present in these samples as in natural uranium. 
Hence, the U-234 alpha-activity, which is nearly one- 
half of the total in natural uranium, has been reduced to 
less than one-tenth of one percent in these samples. The 
U-235 alpha-activity is about five-thousandths of one 
percent of the U-238 alpha-activity. Routine alpha- 
counting in this laboratory of such samples on nickel 
disks has led to a highly precise value for the specific 
activity of U-238, namely 742.7 disintegrations per 
minute per milligram. 


Half-Life of UX; 


The decay of UX, (Th-234)* was followed by beta 
counting of several samples over periods ranging up to 


*G. B. Knight, and R. L. Macklin, Phys. Rev. 74, 540 (1948). 
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five half-lives. The samples were prepared from highly 
purified natural uranium by double precipitation with 
zirconium iodate carrier. The absence of longer lived 
contaminants was inferred from the linearity of the 
logarithms of the counting rates as a function of time. 
Statistical analysis of the data showed no significant 
curvature to this plot. The counters were frequently 
standardized with samples of natural U;Os in equilib- 
rium with UX), UX2, UY, and UZ. As a result, the limit 
of error on the published half-life of UX; was reduced by 
an order of magnitude. The value found for the half-life 
was 24.101+0.025 days. 


UX; Standards 


The UX; in equilibrium with 40 milligrams of natural 
uranium as black oxide was quantitatively removed, 
placed on a carefully standardized sample holder which 
provided for absorption of all UX, and UY beta-rays 
and beta-counted. Preliminary work on this separation 
using double precipitation with lanthanum fluoride as 
carrier was not found entirely reproducible. Natural 
thorium has proven a much more consistent carrier and 
the small blank correction required has not been serious. 
The use of oxalate as precipitant in place of fluoride 
(suggested by Mr. Whetzel of this laboratory) has 
decisively increased particle size and ease of handling. A 
series of eight UX standards (see Table I) prepared in 
this way gave a counting precision for the average of 
0.41 percent limit of error (L. E.). 


UX; Measurement 


Accurately measured fractions of the main batch of 
UX; had then to be prepared and beta-counted for 
comparison. Some ten micrograms of UX had been 
treated at X-10 and about six micrograms recovered 
free of uranium. This material was diluted to one liter in 
a calibrated volumetric flask with four normal nitric 
acid. The fraction of the UX absorbed by the glass under 
these conditions (4N—HNOs) had been shown in pre- 
liminary studies to be less than 0.1 percent although 
other conditions led to considerable absorption. Using 
specially calibrated one milliliter blow-out pipettes, three 
secondary liter dilutions were prepared. From these 
latter, five milliliter samples were withdrawn, mixed 
with 5 milligrams of natural thorium as carrier, and 
precipitated as oxalate. Another five milligrams of 
thorium were added after removal of the first precipitate, 
and a second precipitate formed. Repetition tests had 
shown that each precipitation removed from 97 to 99 
percent of the UX, and natural thorium present. 

Results from a series of such double precipitations are 
shown in Table II. No significant differences between 
the various pieces of volumetric equipment could be 
shown. The precision of the average was 0.68 per- 
cent L. E. 
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TABLE I. UX beta-counting rates from 40 mg samples 
of aged natural uranium as black oxide. 











Rate corrected 

Observed forcoincidence Blank Net Net UX rate 

rate (c/m) loss rate UX rate at equilibrium 
5058.8 5139.4 61.9 5077.5 
5040.1 $120.1 61.9 5058.2 
5036.1 5116.2 61.9 5054.3 
5052.6 5133.0 61.9 5071.1 
5084.6 5166.0 61.9 5104.1 
5043.0 5123.1 61.9 5061.2 
5050.5 5130.8 113.6 5017.2 
5084.5 5165.9 113.6 5052.3 

Av. 5062.0 5066.4 


+20.6 L. E. counts/minute 








U-234 Preparation 


The main batch of UX, was allowed to decay for 
several half-lives and the U-234 formed was then re- 
covered. About thirty milligrams of U;0; with low 
specific alpha-activity (about 320 counts per minute per 
milligram) were carefully weighed and added as carrier 
for the U-234. This was recovered by precipitation with 
ammonia gas and centrifugation. To reduce the high 
ionium (Th-230) alpha-activity to negligible propor- 
tions, several successive precipitations with lanthanum 
fluoride were carried out in a nitric acid solution of the 
ammonia precipitate. The decontamination factor was 
followed by beta-counting the UX: in transient equilib- 
rium with successive precipitates. About 80 percent of 
the U-234 and carrier uranium was precipitated with 
hydrogen peroxide at a pH below 2 for purification and 
then ignited to constant weight. Thus a known fraction 
of the total U-234 was recovered in chemically pure 
form. This material was dissolved in nitric acid and 
twenty volumetrically measured fractions were quanti- 
tatively plated for alpha-counting. An equal weight of 
the uranium used as carrier was also prepared for alpha- 
counting to determine the blank correction. The average 
alpha-counting rates are included in Table III using the 
appropriate symbols from the section on calculations. 


CALCULATIONS 
Computation 


. The specific activity of U-234 in disintegrations per 
second per gram can be computed as 


A=(N—B)/60fX1/MXT/dX 238.07 /234.07 


X2-*#/4K%C1/C2VX 


19 ( atk ) 
XW./W2X1/S, (1) 
=2.119X 108, (2) 


where N=average a-counts per minute of U-234 
samples+ carrier, B=average a-counts per minute of 
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TABLE II. UX aliquot beta-counting rates corrected to 
July 15, 1948 at 1:51 p.m.* 








4322.1 
4307.5 
4368.4 
4351.0 
4354.1 
4358.9 


4320.4 
4445.3 
4363.3 
4409.6 
4293.3 
4285.5 


Av. 4348.3429.6 counts per minute 








* Also corrected for coincidence losses and blank sample counts. 


carrier, f= efficiency of counter= 0.5063", M = weight of 
U-238 used to prepare each UX standard, d=half-life of 
UX,=24.101 days, T=half-life of U-238=4.49X 10° 
years’, k=length of time between purification and 
counting of main UX sample, C2=average beta- 
counting rate of UX aliquots, V=volumetric dilution 
factor for UX aliquots, C1=average counting rate of 
UX standards, L=length of time between counting of 
-main UX sample and the purification of the U-234, 
W =weight of pure U;0; carrier added, W2= weight of 
pure U;Os recovered, and S=volumetric fraction of 
U-234 and carrier used to prepare each sample for alpha- 
counting (routine quantitative plating procedure). 

Equivalent values of the half-life, decay constant and 
equilibrium amount in natural uranium may be readily 
computed, giving 


Half-life of U-234=2.67X 105 years, (3) 





GOLDIN, KNIGHT, MACKLIN, AND MACKLIN 


Fraction decaying per second= 8.235 X 10—-", (4) 
Weight fraction in natural uranium=0.0000580. (5) 


Propagation of Errors 


The error in the result$ arrived at in the work reported 
above has been calculated as follows. First, the error in 
each contributing observation has been evaluated. 
Where possible this has been done by statistical analysis 
of multiple determinations. In cases such as weighing 
and timing errors, conservative estimates have been 
used. These contributory errors are taken to represent in 
each case a sample at the 95 percent probability level 
drawn from a normal population of observations. The 
errors are then combined in accordance with the func- 
tional relationships outlined in formula (1) by the usual 
rules for propagation of error. In the case of several of 
the observations which contribute relatively negligible 
errors, combination functions have been used to reduce 
the complexity. For example, the symbol M represents 
a weight and tare of natural U;Os, the fraction of 
uranium in U;Os, the fraction of U-238 in the uranium, 
the volume of the pipette used to deliver standard 
samples and the reciprocal of the volume of the flask 
used for the stock solution. Likewise, the correction for 
decay of UX; in the half hour or so between isolation 
and sample counting has been included in the counting 
rates C; and C». 

The propagation of error formula may be most readily 
presented with the aid of the function %? defined as 


%?(X) = (1004S,/X)* where ‘‘?’”’ is taken from the usual statistical table and S is the sample estimate of standard 


deviation. 


%?A = (N°Y2N+ BY? B/(N—B)*)+%f+-%M+-%°T 
(k In2)?2?*/4O% 2-4 (L In2)22-244O% 27-4 d2O% 24 { 24 ( In2/d)—1]+2-“/4C1-+-(L In2/d) J}? 





d?(2*/4— 2-Hid)3 i 


= 1.776. 


The values of the several variables, their ‘‘limits of 
error” and the contribution of each to % A are pre- 
sented in Table ITI. It is realized that the formula uséd 
here is not rigorous. However, it is believed to give a 
more reliable estimate of total error than would be ob- 
tained by simple propagation of sample variance. The 
L. E. arrived at in this way is 1.3 percent. 


COMPARISONS AND DISCUSSION 


Perhaps the most convenient of the several values 
related to specific activity is the half-life. Recent values 
obtained for the U-234 half-life are listed in Table IV. 
The value ef Gratias* was obtained by the radioactive 
growth method but based on alpha-activity determina- 
tions of low precision. The other values are based on 


FTCA TOC 2+ TV AGW i+%?W2t+Z%'S (6) 
(7) 





mass spectrometer measurements. The values of Nier, 
Fox, and Rustad, and the lower value of Chamberlain, 
Williams, and Yuster were obtained from the U-234/ 
U-238 ratio in natural uranium and the U-238 half-life. 
The higher value of Chamberlain, Williams, and Yuster 
was obtained by alpha-counting enriched samples of 
uranium (at high counting rates with questionable accu- 
racy) and measuring their U-234 contents on a very high 
resolution mass spectrometer. The value reported by 
Kienberger was obtained by alpha-counting enriched 
samples of uranium after dilution or masking to reduce 
the counting rate by a known fraction as well as at high 
counting rates. The mass spectrometers used in con- 
nection with this latter work normally have sufficiently 
high resolution to make the so-called “toe correction” 





(4) 
5) 
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TABLE III. Value of several variables, their limits of error 
and their contributions to %? A. 











Contribu- 

Variable Value L. E. Weight tionto%?A 
N 1335 c/m 0.699% 1.62 0.791 
B 306.8 c/m 1.173 0.075 0.103 
Zz 0.5063 0.100 1 0.010 
M 0.03370 g 0.223 1 0.050 
d 24.101 day 0.104 9.80 0.106 
T 1.640X 10” day 0.226 1 0.051 
k 143.992 day 0.014 17.2 0.003 
C2 4348.3 c/m 0.681 1 0.463 
V 2.0383 X 105 0.141 1 0.020 
Ci 5066.4 c/m 0.407 1 0.166 
E 6.0714 day 0.085 3X 10-8 0.000 
Wi 30.393 mg 0.033 1 0.001 
W2 22.952 mg 0.043 1 0.002 
§ 0.04002 0.100 1 0.010 
Total 1.776 


Propagated % L. E. for A =1.332 








negligible. This correction attempts to account for the 
ions from U-235 appearing at the U-234 position and its 
omission probably introduces an error of less than 13 
percent. Differences between the ratio of peak heights 
and the ratio of peak areas might introduce a bias since 
the former was used in place of the latter. If such causes 
of bias can be ruled out, then we would have to conclude 
that a significant bias was inherent in the spectrometer 
method (i.e., mass discrimination) or a relatively large 
error had been made in the present work. 

The procedures used in the present work are felt to be 
reliable in view of the following precautions. The sample 
preparation and handling were done by standard volu- 
metric and gravimetric procedures, and, where possible 
were repeated several times. Beta-counting measure- 
ments involved only the activity ratios of samples pre- 
pared under identical conditions and having nearly 
equal activities. Alpha-counting measurements were 
made at rates below 1500 per minute and the equipment 
used was standardized using siandard normal samples 
against the average of seven similar units used by 
Kienberger’ in his redetermination of the half-life of 
U-238. Alpha- and beta-counts on each material used 
were repeated on from eight to twenty separate samples. 


TABLE IV. Recent values of the half-life of U-234. 











U-234 half-life Source 
1.7 X105 yr. Gratias* 
2.7 X105 yr.+10% Nier® 


Fox and Rustad 


2.51 108 yr.+ 3% 
Chamberlain, Williams and Yuster4 


2.29X 108 yr. 
+0% 


2.35 X 10° yr. Chamberlain, Williams and Yuster4 
2.52 108 yr. Kienberger® 
2.67 X 105 yr. This paper 








® See reference 3. 

bA. O. C. Nier, Phys. Rev. 55, 150 (1939). 

¢ Fox and Rustad, Carbide and Carbon Chemicals Corporation, Report 
A-3828, January (1946). 

4 See reference 1. 

© See reference 2. 


It is felt that possible bias beyond 14 percent could only 
be caused by outright mistakes in experimental manipu- 
lations. 


SUMMARY 


The half-life, specific activity, decay constant and 
fraction in natural uranium of U-234 have been re- 
determined by a radioactive growth method. A pure 
sample of U-234 was prepared by decay of isolated UX, 
and its alpha-activity measured and compared with the 
specific activity of pure U-238. The values obtained are 
estimated to be accurate to 1.3 percent but differ by 
more than this percentage from other values based on 
mass spectrometer data. 
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A discussion is given of the propagation of plane electromagnetic waves in a uniform, ionized medium, 
in which the electrons possess a mean drift velocity. The treatment is based on the general theory developed 
by V. A. Bailey. It is shown that, for frequencies below a certain critical frequency (of the same order as the 
electron plasma frequency), one of the eight possible waves in general grows in amplitude as it progresses 
through the medium. The relation of this result to the theories of solar noise and of the traveling wave 


tube amplifier is discussed. 





I. INTRODUCTION 


ECENTLY Bailey ! has published a general theory 
of the propagation of plane electromagnetic waves 
in an ionized gas, in which static electric and magnetic 
fields are present. It was shown that under certain con- 
ditions the coefficient of attenuation of a group of such 
waves becomes negative, and in more restricted circum- 
stances the coefficient of damping may be negative. 
For such growth to occur it is necessary that the 
electrons or positive ions have drift velocities and it has 
been found that static magnetic fields and random elec- 
tron velocities are both favorable to the occurrence of 
the phenomenon. It will be shown here that waves with 
negative attenuation also exist when the static mag- 
netic field is zero and the electron temperature neg- 
ligible, provided only that the direction of propagation 
is oblique** to the drift velocity, and the frequency is 
below a certain critical frequency. 


II. THE DISPERSION EQUATION 


The theory investigates the propagation of uniform 
plane harmonic waves of small amplitude, of the form 
expi(wi—/x), in a medium which is uniform in the 
static state, consisting of No electrons and Np positive 
ions per cm’, moving with drift velocities Up, Uso, 
respectively, together with neutral molecules. When the 
static magnetic field, random velocities and collisions 
are negligible*** and the motion of the positive ions is 
neglected, it was shown? that w and / are related by the 
dispersion equation 
R(Z+1)[(R’—1)(Z+1)+ UrP]=0, (1) 
_ where 


R=o- Ui, Z=P—.%, 


and Ui, Ur are the components of Up, respectively, 


* Commonwealth Research Student. 

1V. A. Bailey, Nature 161, 599 (1948); J. Roy. Soc. NSW. 82, 
107 (1948); Austr. J. Sci. Research 1, 351 (1948). 

** Oblique is here taken to mean neither parallel nor perpen- 
dicular. 

*** The phenomenon of growth is not due to collisions, but 
arises from the interaction of the wave with the electrons. Bailey 
has shown that the growth occurs with collisions present provided 
that the collision frequency is less than a certain value. 

?V. A. Bailey, J. Roy. Soc. NSW. 82, 112 (1948), Eq. (23.4) 
with W:, Wr, p, and r zero; Austr. J. Sci. Research 1, 351 (1948), 
Eg. (21) with 0), Q7, v, and + zero. 


parallel and perpendicular to the direction of propaga- 
tion. (U; and U7 are taken positive.) i 

In this equation, the unit of velocity is taken as c (the 
velocity of light in vacuum) and the unit of frequency as 
the electron density frequency p.**** As the theory is 
non-relativistic, values of Up are restricted by the con- 
dition 

|Uo|?=U2+4+U7r<1. 

According to Eq. (1), for any assigned value of w 

there are eight values of /, namely, 


l=Uy"o, (Two), (2) 
l=stia, (@=1-«’), (3) 


and the four roots of the quartic 


Po, l) =U L2h— 20+ {U7r—-a@(1—U 1’) }P 
—2wa?U;l—a*=0. (4) 


All the corresponding waves are plane polarized,’ the 
electric vector lying in the plane containing Up and the 
direction of propagation. For the solutions (3) the field 
is entirely transverse to the direction of propagation. 
Each of these waves is associated with a finite Poynting 
vector. 

If w is real, the two solutions (2) correspond to unat- 
tenuated waves which have a phase velocity equal to 
U;; the second pair (3) represent unattenuated waves 
when w?>1, but for w?<1 do not represent true waves. 


III. GRAPHICAL SOLUTION OF THE QUARTIC 


The quartic (4) is simpler when expressed in terms 
of w and the phase velocityt o~!=w/I. Thus (4) becomes 


$4(o)w*+-G2(c)w?—1=0, (S) 


$4(a) = (1— Uj0)?(o?—1), 
$2(0) = (1—Uie)?-+1—0°(1— v2.4 ©) 


As Eq. (5) is a quadratic in w’, the (w, 7) curve may 
easily be plotted by solving (5) for w, with selected 
values of o. This curve is shown in Fig. 1 for the case 


*#** b= (4a N ce?/m)*=5.64X 104Not rad./sec. 

’V. A. Bailey, J. Roy. Soc. NSW. 82, 110 (1948), Eq. (24.1). 
_ t Following a method developed by Bailey, to be di in a 
joint paper on the graphical study of the dispersion of electro- 
magneto-lonic waves. 


where 
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U,=U7=0.1. Figure 2 shows the detail near w=1. In 
this region it is simpler to use the variables — 


x=1—w and y=//x. 
Equation (4) then becomes 
v2(y)a?-+ 2r(y)x+yYo(y) =0, (7) 


oy) = (14+ Uiy)*(y?—1), 
¥1(y) = — (14+ Uiy)(— iy-2)} (8) 
oly) = Ur’y’—4U y—4. 


From these curves we see that for |w|>w., where 
w,~1, there are four real values for / (four unattenuated 
waves), but for |w|<w, there are two real roots (J), /2) 
and two complex roots (Js, /,). As the coefficients in (4) 
are real, /3, 4, must be complex conjugates 


ls, ls = atip. 


Thus /3, 1, correspond to a pair of waves propagated in 
the same direction with the same phase velocity (w/a), 
the attenuation being positive for one wave and 
negative for the other.ft . 

The real roots of (4) may be read directly from the 
graph, and in the region |w| <w, the complex roots /3, J, 
may be found from the two relations 


LyAle+l3+ l, = —coefficient of B, 


where 





and 

li lolsl4= coefficient of 2°. 
Thus 

a=; —F(1,+-1), (9a) 

atU r? i 
B= ( - -<*) ‘ (9b) 
Lyle 
It is convenient to replace (9a) by 
a=}$(Al,+Al,), (10) 
where 
Al=1,—1, 


1, being the value of J on the asymptotes ; 


w= Us+(1—-U2—U/*)'(1—UyY)3 


corresponding to the given value of w. In the neighbor- 
hood of we, Als is negligible compared with Ah. 

Values of a and 8 derived by the graphical method 
are shown in Fig. 3 for the values U;x= Ur=0.01. 

In the two limiting cases Ur=0 and U,=0 the real 
part of the complex roots vanishes, the solutions of the 
quartic then being, respectively, 


Ur=0, J=Ur +1), l=+ia; (11) 
and 
Ui=0, l=zria(?—U?7*)}, P=o. (12) 


tt Bailey has ‘shown that wave groups centered about the 
frequency w also exhibit negative attenuation in the direction of 
the group velocity. 





IV. A CUBIC APPROXIMATION 


When x is very small (i.e., #~1) we may obtain good 
approximations to the complex roots (and the smaller 
of the two real roots) by neglecting the term in x? in 
Eq. (7). This then becomes 


B—AP+BI—C=0, (13) 
where 
A=Ur"{$Ur’—(1—Uy)z}, 
B=x(2—32), 
=—2U;12(1—x). 


This cubic may conveniently be solved by the use of 
tables.‘ Values for the complex roots (ai) derived by 
this method are shown in Fig. 3. In this example the 
approximation is seen to be valid for a when x<2X10-* 
and for 8 when x<3X10-. 


V. NEWTONIAN APPROXIMATION 


Since U7*1, we may take as first approximations 
the roots of (4) with Ur=0, namely (11), and obtain 
closer approximations by Newtonian iteration. The 
second approximations are therefore 


V'=l—P(@P/dl), (14) 


where / on the right hand side is given the values (11). 
For the complex roots we thus obtain 











wa?U U7 
{Ur —a(1-+ U4) } 40 a? ce 
Ur’ Ur?—a?(1+U;?) 
p=4| or a0) meee 


or for small w(a*>>U? and U7’) 
ato U7/e, B=a(i+Ur*/2a’). (16) 














6 
li 
7” 
Sr 
Fic. 1. J as a function of 
w. U;=U7=0.1. (Solutions 
corresponding to Eq. (4).) 
() a= 
Toe 
-S- 
#0 





‘For example, E. Jahnke and F. Emde, Tables of Functions 
(Dover Publications, New York, 1945), Addenda pp. 24-30. 
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Fic. 2. Detail of the (@, p 
curve nearw=1. U,;=U7=0.1 
x=1-—w. 
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Points determined by (15) are included in Fig. 3. It 
is seen that a single iteration gives a good approximation 
at the lower frequencies. In the neighborhood of the 
critical frequency, the iterative process must be repeated 
to obtain sufficient accuracy. 


VI. THE CRITICAL FREQUENCY AND THE 
MAXIMUM VALUE OF a 


In the example of Fig. 3 the variation of a with the 
frequency is typical of the general behavior. The wave- 
length 2x/a of the growing wave is infinite when the 
frequency 1—x is zero and decreases steadily as the 
frequency is increased. When w=w, the wave-length 
attains its minimum value 27/am where am is the 
maximum value of a in the amplifying range. The cor- 
responding value of the phase velocity decreases 
steadily as the frequency increases (“normal” disper- 
sion) and when w=w, has its minimum value which is 
approximately 27/a». The dispersion of the medium is 
very large. 

At the critical frequency (Fig. 2) there are two equal 
real roots, each equal to a». We may obtain an estimate 
of am, and of the critical frequency, from the condition 
that the discriminant of the cubic (13) should vanish. 

If we assume, subject to confirmation, that when 
a=Am 


=4U;7*/(1-U3, (17) 


then the discriminantal condition reduces to the ap- 
proximation 


| x|<«Kb 


2 = (1/54){ —(8U2+9U 7?) 
+((8U2+9Ur*)*+27Ur(1+U*Ur*))}}. (18) 


The positive root is the one of interest here. 
We consider three special cases: 


I. Ur«KUY. 
The solution is then ; 
x= Ur*/32U2, (19) 


and the assumption (17) is justified. The corresponding 
value of a is 
Om = 0.2501" U 7, (20) 


II. Ur= Ui. 
Then 


, «=0.028U;’. (21). 


Here x= 0.06), and the assumption (17) is not fully 
justified. Consequently the approximation may be 
somewhat rough. With this value for x, a assumes the 
value 

Om = 0.260). (22) 
Hl. Ur>vUY. 
x=0.096U,"U 7’. 


This solution violates the assumption (17) and is 
therefore inaccurate. This case may, of course, be 
treated graphically and leads to interesting results (see 
Fig. 4). 


VII. EFFECT OF THE DIRECTION AND MAGNITUDE 
OF THE DRIFT VELOCITY 


The effect of changing the angle ¢ between the drift 
velocity and the direction of propagation, while keeping 
the magnitude of the drift velocity constant, is illus- 
trated-by the example of Fig. 4. This shows a and 8 as 
functions of @ when Up= 1.414107. Curves are drawn 
for four values of the frequency, namely x=0.5, 10~°, 
10-, and 10-5, the last two values being those of the 
critical frequencies when ¢=90° and 62°, respectively. 

When the frequency is not in the immediate neigh- 
borhood of the critical frequency (e.g., when x=0.5 and 
10-*), as @ increases the wave-length 2mr/a at first 
decreases but reaches a minimum value when ¢+55° 


(by Eqs. (15) and (16)). But when x=10~° the wave- 


length of the growing wave decreases steadily as ¢ 
increases up to 62°. At this point w=w, and amplifica- 
tion ceases. For values of @ greater than 62° / is always 
real. When x=10~‘ the behavior is similar, but when 
¢=90° the value of 8 is infinite, as is evident from Eq. 
(12). 

The variation of the phase velocity parallels that of 
the wave-length. Near the critical frequency the 
velocity decreases with increasing ¢ until the critical 
frequency is reached, but at lower frequencies the 
phase velocity reaches a minimum value when ¢=+55°. 

The coefficient of attenuation 6 is approximately 
independent of ¢ except near the critical frequency. 

With a fixed value of ¢, for frequencies well away from 
the critical frequency, Eq. (16) shows that a is propor- 
tional to U,*, while 6 depends very little on Uo. On 
the other hand, it is evident from Eqs. (20) and (22) 
that near the critical frequency a is approximately pro- 
portional to U». 


VIII. APPLICATIONS OF THE THEORY. 


This particular example of wave amplification is of 
importance primarily for its physical simplicity. Pro- 
vided that the drift velocity is neither parallel nor 


perpendicular to the direction of propagation and that 


the frequency is less than the critical frequency w,, 





a mie = «- a fF 2s) ff i, i ee ie Fe 
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groups of waves will increase in amplitude as they 
progress through the medium. As the associated Poyn- 
ting vector is finite, the energy carried by the wave 
must also increase as the wave proceeds. 

Bailey! has suggested that such growing waves may, 
in part, explain the electrical noise from discharge tubes, 
solar, cosmic and ionospheric noise, and terrestrial 
magnetic fluctuations. The use of such waves for the 
amplification of high frequency signals will also be con- 
sidered. 

We shall first apply our results for oblique propaga- 
tion to the solar atmosphere. The drift velocities of 
electrons in the solar atmosphere not being accurately 
known, we may for purposes of illustration compute the 
wave magnitudes for the velocities 4.2 X 10° and 4.2 x 104 
km/sec., and take @ as 45°. The values of electron 
density compiled by Smerd® have been used. Table I 
shows the critical frequency w., wave-length and rate 
of growth of field strength, for various heights above 
the sun’s surface. 

It will be seen from this table that very large amplli- 
fications are possible in the sun’s atmosphere, the lower 
regions of the chromosphere being most effective. The 
theory thus provides a very powerful mechanism for 
explaining the generation of abnormal noise at the fre- 
quencies which are observed. Thermal and other fluc- 
tuations at frequencies below the critical frequency will 
be greatly amplified, and if this radiation escapes from 
the sun,t{ft the equivalent blackbody temperature at 
radiofrequencies could be much greater than that ob- 
served at optical frequencies. 

These waves are plane polarized and their associated 
Poynting vectors are finite. It is implicit in the general 
theory that in the presence of a static magnetic field the 
waves are in general elliptically polarized. The non- 
linearity of the fundamental equations offers a means 
of limiting the amplitude ultimately attained, but this 
problem will not be discussed here. 

We shall now consider the use of these growing waves 
in high frequency amplifiers. It is well known that the 
boundary conditions imposed on the field{{{f by the 
surfaces of a conducting wave guide may be satisfied 
by a superposition of plane waves traveling in directions 
inclined to the axis of the guide. If electrons were 
projected longitudinally down the guide, the possible 
plane waves would include the growing waves discussed 
above and we would expect the corresponding modes to 
exhibit the negative attenuation characteristic of the 
component waves. If the guide were sufficiently long, 
the device would act as an amplifier, since the growing 
waves must ultimately predominate. 

A rigorous discussion of the propagation of waves in 


5S. F. Smerd, Australian Council for Scientific and Industrial 


Research R.P.L. 14 (1948). 

ttt It should be noted that if the electrons have a drift velocity, 
propagation, with amplification, is often possible in what is 
otherwise an over-dense medium. 

ttt The boundary conditions imposed on the vibratory motions 
of the electrons also require consideration. 





TABLE I. Characteristics of growing waves in the 
solar atmosphere, ¢=45° 








Height above surface of sun (km) 108 104 106 





Maximum frequency (w,) for am- 


plification (Mc/sec.) 5600 176 6.8 
Minimum wave- Uo=4.2X 108 
length (km) km/sec. 0.021 0.68 18 
Uo=4.2X 104 
km/sec. 0.0021 0.068 1.8 
Wave-length at Uo=4.2X 108 
half critical km/sec. 81 2.6X10® 6.6X 104 
frequency (km) U »=4.2X104 
‘km/sec. 0.08 2.6 66 
Rate of growth at U =4.2x10 
half critical km/sec. 44xX10° 1.410 5.4x10? 
frequency Uy=4.2X 104 
(db/km) km/sec. 44X10° 1.4X10' 5.4xK10 








a cylindrical guide containing electrons moving parallel 
to the axis has been given by Hahn,° in connection with 
the theory of the klystron. Hahn also considered the 
effect of an axial magnetic focusing field. Ramo’ has 
discussed two specific cases of Hahn’s theory namely 
the situation considered above in which there is no 
static magnetic field, and the corresponding case with 
an infinite axial magnetic field. In both cases separate 
E- and H-modes are possible, each mode of the charge 
free cylinder splitting into four sub-modes in the 
presence of the electrons. These correspond to the four 
values of / given by Eqs. (2) and (3) for the H-modes, 
and the four roots of Eq. (4) for the E-modes.f{ 
Although Hahn and Ramo derived the relevant 
equations they apparently did not discover the waves 
with negative attenuation. It may easily be verified 
that in certain frequency ranges Ramo’s Eq. (37) for 
E-waves with zero static magnetic field, and his Eq. 
(15) for E-waves with an infinite axial magnetic field, 
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Fic. 3. Frequency dependence of the angular wave number a 
and the coefficient of negative attenuation 8 of the growing waves. 
U,;=U7r=0.01. 


6 W. C. Hahn, Gen. Elec. Rev. 42, 258 (1939). 

7S. Ramo, Phys. Rev. 56, 276 (1939). 

t E-modes have a longitudinal component of the electric but 
not the magnetic field; H-modes have a longitudinal component 
of the magnetic but not the electric field. 
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Fic. 4. a and 8 as functions of ¢, the obliquity of 
propagation. Up=1.414X107. 


yield conjugate complex values for the axial wave 
number. The axial magnetic field has the effect of 
reducing the phase velocity in the guide and may in 
fact reverse the direction of phase propagation. 

We now give an example of the solution of Ramo’s 
Eq. (15). If a tube 0.3 cm in diameter is uniformly filled 
by a 100-ma beam of 30-volt electrons projected along 
the tube, and is pervaded by an infinite magnetic 
focusing field, then at a frequency of 3000 Mc/sec. the 
growing wave of the Eo, mode has a wave-length of 4.14 
cm in the guide and the field strength of the wave 
increases by 76 db/cm. 

Amplifiers utilizing these growing waves have been 
constructed in a number of laboratories* and theories of 
their operation have been given by a number of authors.® 
In these “traveling wave tube” amplifiers, the cylin- 
drical wave guide is replaced by a conducting helix, 


designed to reduce the longitudinal phase velocity in 
the charge free guide to approximately the same value 
as the electron drift velocity. Apparently these inves- 
tigators believe that this is a necessary condition for 
amplification, but our analysis shows that amplification 
is possible in much less special circumstances. An 
amplifier of the same type, but operating on a somewhat 
different principle, has been discussed more recently by 
Haeff, Nergaard, Pierce and Hebenstreit,!° and Hollen- 
berg.!° 

A more complete study of propagation in cylindrical 
guides, based on Bailey’s theory! in which the motion 
of the positive ions is also considered, will be given in 
another publication. 
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Y" decays by the emission of a single beta-particle with a maxi- 
mum energy of 1.54 Mev, while Cs"*" decays in two ways, (1) beta- 
decay (maximum energy=0.518 Mev) to Ba'* followed by a 
gamma-transition to the ground state, and (2) beta-decay (maxi- 
mum energy = 1.2 Mev) directly to the ground state. Probably not 
more than 5 percent of the Cs” nuclei decay directly to the ground 
state. Conventional (allowed transition) Kurie plots of Y" and the 
low energy group of beta-particles of Cs” display curvature which 
is concave toward the energy axis at high energies and concave 
upward at low energies. If it is assumed that Gamow-Teller selec- 
tion rules govern the beta-process, the Fermi function F(Z, W) for 
allowed spectra must be multiplied by a factor G=(W?—1) 
+(Wo—W)? in a beta-transition for which there is a change of 


(Received April 14, 1949) 


parity and for which the spin change is two units. If these con- 
ventional Kurie plots of Y and Cs are modified by the factor G, 
the resulting plots are approximately straight lines. This indicates 
that the beta-decay of Y* and the low energy beta-decay of Cs!” 
involve a spin change of two units and a parity change. These 
results contribute evidence for the validity of the Fermi theory of 
beta-decay and the Gamow-Teller selection rules. 

The K internal conversion coefficient for the 0.663-Mev gamma 
from the decay of Cs was found to be 0.081, while the ratio of the 
K conversion electrons to the Z conversion electrons was 5.0. The 
gamma-radiation seems to be either magnetic 2‘-pole or electric 
25-pole. 











INTRODUCTION 


N the beta-decay process the distributions of beta- 
particles as a function of energy are of two types, 
allowed and forbidden. Using the Kurie plot procedure 
to compare experimental results with the Fermi theory, 
allowed spectra should give straight line Kurie plots, 
while forbidden spectra are, in general, expected to yield 
Kurie plots which deviate from straightness. To date, 
experimental measurements of (presumably) allowed 
spectra have confirmed the theory fairly well, except 
perhaps in the very low energy region.! For many 
forbidden spectra, however, the type of deviation to be 
anticipated is not clearly understood because of a lack of 
uniqueness in the various possible formulations of the 
theory, and because the spins and parities of the initial 
and final nuclear states are frequently unknown. A third 
source of ambiguity is the possibility that more than one 
nuclear matrix element may appear in the distribution 
function, resulting in a spectrum which depends on the 
ratios and relative phases of the nuclear matrix ele- 
ments. 

Under certain circumstances, the shape of a forbidden 
spectrum can be predicted. If it is assumed that Gamow- 
Teller selection rules govern the beta-process, the distri- 
bution in a transition for which there is a change of 
parity and for which the spin change is two units will 
differ from that in an allowed transition by a simple 
function of the energy. Such a transition is classified as 
first-forbidden by the Gamow-Teller selection rules. In 
this case, the Fermi function F(Z,W) for allowed 
spectra must be multiplied by a factor G, which, if 
aZ<1 and if the electron momentum is not too small, 





* Part of a dissertation to be presented to the graduate school of 
Washington University in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy. 

** Assisted by the joint program of the ONR and AEC. 

1C. S. Cook and L. M. Langer, Phys. Rev. 73, 601 (1948). 
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has the approximate form?* 
G=(W?—1)+ (Wo—W)?. 


Here W is the electron energy, and Wo is the total energy 
available for the transition, both in units of mc?. The 
omission of this correction tends to make the Kurie plot 
(computed as though the transition were allowed) 
concave toward the energy axis in the high energy re- 
gion. If Wo=2, the same omission also causes the Kurie 
plot to deviate upward at low energies. 

In general, however, the link between theory and ex- 
periment is very weak for forbidden spectra. More often 
than not one or both spins of the parent and daughter 


nuclei in a beta-transition are not known. Initial and 


final parities of the nuclear states are even less well 
known. With so many unknown factors, theoretical 
predictions for the distribution of beta-particles in for- 
bidden transitions, even on the assumption of a uniquely 
determined heavy-light particle interaction, is largely 
guesswork. 

In some cases the shell model of the nucleus may 
help to determine the spin and parity changes. For 
isotopes in certain regions of atomic number and atomic 
weight, this model predicts both the parities and the 
possible spin values for the nuclei involved. Ambiguities 
in the predictions of the shell model can be reduced by 
consideration of the energies and half-lives of beta- and 
gamma-transitions in a series of isobaric nuclei. 

The isotope Y*, which decays by 8--emission to Zr® 
with a half-life of 57 days, is one for which both the spin 
and the parity change can be inferred from the shell 
model. For this transition, Feenberg and Hammack give 
a preferred spin change of 2 (from $ to 5/2) and a parity 
change from odd to even. Thus, if the shell model of the 


3 rn a is the fine structure constant and Z is the charge on the 
nucleus. 
3E. J. Konopinski and G. E. Uhlenbeck, Phys. Rev. 60, 308 
(1941); E. J. Konopinski, Rev. Mod. Phys. 15, 226 (1943). 
nh x Feenberg and K. C. Hammack (to be published in Phys. 
ev. 
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Fic. 1. Kurie plot of Y® and a Kurie plot of the same element 
corrected by the factor G=(Wo— W)?+(W?—1). 


nucleus is at all reliable and if the Gamow-Teller selec- 
tion rules apply, the decay of Y" is an example of the 
particular kind of first-forbidden transition which was 
discussed above. Therefore, the distribution of the beta- 
particles as a function of energy should differ from the 
allowed distribution by the factor G. The recent work of 
Langer and Price® seems to confirm that this is the case. 
-The Y® spectrum thus provides a critical test of the 
Fermi theory for forbidden spectra and of the G-T 
selection rules. It also affords a minor test of the nuclear 
shell model. For these reasons it is felt that confirmation 
of the results published by Langer and Price is desirable. 

The shell model again offers some help in under- 
standing the decay of Cs'*’ since it predicts even parity 
for the ground states of both Cs!’ and Ba'*’. The 
transition is known to proceed by negatron emission to a 
mestastable state, Ba!*’*, which then decays by gamma- 
emission (accompanied by internal conversion) to the 
ground state Ba'®’. The known half-life of the metastable 
state requires an electric 2°-pole transition with AJ=5 
or a combination of electric 2°-pole and magnetic 
2‘-pole transitions with AJ=4. Either way the parity 
changes. A choice between these possibilities can be 
based on the internal conversion coefficients in the K 
and L shells. The spin of Ba!*’ is known to be 3. Putting 
all this information together, one predicts J=11/2 or 
13/2 with odd parity for the metastable state Ba’. 
Mitchell and Peacock® have measured the K internal 
conversion coefficient (ax) and the ratio Nx/N 1. Using 
the approximate theoretical equations of Dancoff and 
Morrison,’ they conclude that AJ = 5 and hence, /= 13/2 
in the isomeric state. The observations of Mitchell and 
Peacock* on the shape of the beta-spectrum lead them to 
conclude that the beta-transition Cs'*’—Ba!8’* is an ex- 
ample of the particular kind of first-forbidden transition 


5 L. M. Langer and H. C. Price, Phys. Rev. 75, 1109 (1949). 
a ke 5) C. G. Mitchell and C. L. Peacock, Phys. Rev. 75, 197 
7S, M. Dancoff and P. Morrison, Phys. Rev. 55, 122 (1939). 
a wh > C. G. Mitchell and C. L. Peacock, Phys. Rev. 75, 1272 


discussed above with a distribution function modified by 
the presence of the factor G. Support for the latter con- 
clusion may be derived from a comparison of ft values in 
the Y* and Cs!’ transitions. If f is derived from the 
theory of allowed transitions, the quantity W°ft should 
be more nearly constant than ft in this particular type of 
decay. In fact, Wo?ft=9.7 X 10°(Cs"*’—Ba™) and W ft 
=8.6X 10°(Y"—Zr"). 


EXPERIMENTAL METHOD 


The spectra of Cs'*7 and Y® were studied in the 
double-focusing spectrometer described by Kurie, 
Osoba, and Slack.’ The inherent resolution of this in- 
strument is 0.29 percent as determined from a measure- 
ment of the thorium F-line, using a narrow source and a 
narrow counter window. For the present work, however, 
the high resolving power of the instrument was sacrificed 
to gain higher counting rates and to allow the use of 
thinner sources. With wide sources and a wide counter 
window, the resolving power was reduced to about one 
percent. 

Radioactive sources were prepared by first defining 
the source area with insulin’ on a thin Zapon film about 
0.03 mg/cm? thick. The active material in solution was 
then applied to this area and fast-dried under an infra- 
red lamp. The author feels it would be useless to give a 
figure for the source thickness since the active deposit 
seemed to be in small crystals. The source was prevented 
from charging" by painting two stripes of Aquadag on 
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cs"? 


--- SIMPLE APPROXIMATION (G) 
—— IMPROVED APPROXIMATION (G*) 








20 


Fic. 2. A plot of G=(Wo— W)?+(W?—1) and a plot of 
G’ =(Wo— W)?+A(W?—1) for Cs’. 


* Kurie, Osoba, and Slack, Rev. Sci. Inst. 19, 771 (1948). 

Tt is found that when insulin is applied to an area and then 
allowed to dry, subsequent application of a solution will be limited 
to an area defined by the insulin. 

11 C. H. Braden, G. E. Owen, J. Townsend, C. S. Cook, and F. B. 
Shull, Phys. Rev. 74, 1539 (1948). 
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the back side of the source support to hold the source at 
ground potential. 

Detection of particles was accomplished by means of a 
Geiger-Miiller counter with a Zapon film window which 
transmitted negatrons above 3.5 kev. The window was 
0.25 inch wide and 0.625 inch high, with a 5-mil wire 
centered lengthwise across the window to help support 
the Zapon film. A window of this size made from thin 
Zapon film is difficult to make gas-tight. To keep the 
pressure in the counter unchanged, a constant pressure 
device similar to that developed by Ter-Pogossian, 
Robinson, and Townsend! was connected to the 
counter. The counter pressure changed less than 0.2 
percent even though gas was always leaking out through 
the window. 


RESULTS 
Yttrium” 


The data obtained for Y* is shown in Fig. 1, plotted 
as a conventional (allowed transition) Kurie plot, and 
displays curvature which is concave toward the energy 
axis at high energies and concave upward at low 
energies. For this plot, the value of F(Z, W) was ob- 
tained from the curves found in the Theoretical Nuclear 
Physics Course lecture notes obtained from Oak Ridge. 
The chosen value of Z is 40, corresponding to the daugh- 
ter nucleus Zr. Also shown in Fig. 1 is the Kurie plot 
which results when F(Z, W) is multiplied by the cor- 
rection factor G. The near-straightness of the corrected 
curve is in satisfactory agreement with the work. of 
Langer and Price, although a slight upward deviation 
still remains at low energies. The deviation at low energy 
can probably be attributed to scattering due to the fact 


that the source was not sufficiently thin. The observed : 


value of Wo is 4.0 mc? or 1.54 Mev. 


Cesium!’ 


Previous work done in this laboratory" indicated that 
Cs'87 decays by simple beta-emission to a metastable 
state, Ba'’’*, which then decays (half-life= 158 sec.) to 
the ground state of Ba’*’ by the emission of a 0.663-Mev 
gamma-ray. The present investigation confirms a result 
obtained by Mitchell and Peacock® that the decay of 
Cs'87 occurs in two ways, (1) beta-decay (Wo=0.518 
Mev) to Ba'*”* followed by the gamma-transition to the 
ground state, and (2) beta-decay (Wo~1.18 Mev.) di- 
rectly to the ground state. As will be shown, probably 
not more than 5 percent of the Cs'*” nuclei decay directly 
to the ground state. This confirms the findings of 
Mitchell and Peacock. 

A conventional Kurie plot of the more abundant 
negatron spectrum (Fig. 3, upper curve) reveals a 
curvature similar to that obtained for Y". When the 
function F(Z, W) is multiplied by G, the re-computed 

® Ter-Pogossian, Robinson, and Townsend, Rev. Sci. Inst. 20, 
289 (1949). 


18 Townsend, Owen, Cleland, and Hughes, Phys. Rev. 74, 99 
(1948). Townsend, Cleland, and Hughes, Phys. Rev. 74, 499 (1948). 
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Fic. 3. Kurie plot of Cs'*? and a Kurie plot of the same element 
corrected by the factor G’=(W»— W)?+A(W?—1). 


Kurie plot yields a fairly good straight line (not shown 
in Fig. 3) at high energy. At low energy, however, the 
curve bends strongly upward. This latter behavior is 
caused in part by an imperfect approximation in 
evaluating the correction factor G. For Z=56, the as- 
sumption that aZ<1 is not valid. Mr. J. Davidson of 
this laboratory has recomputed G, keeping terms in aZ 
and (aZ)? which were previously neglected. His equation 
for the correction factor, now labeled G’, and still subject 
to the assumption of reasonably large momentum, is 


G'=(W.—-W)?+A(W?—1), 


where 


y 2 |— a?Z?)h 
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where C= Gauss’s number. Figure 2 compares G and G’ 
for Cs!*7, It should be noted that use of the simple form 
G would produce an upward deviation at low energies in 
the Kurie plot. Figure 3 shows how the Kurie plot for 
Cs'87 is straightened out by the correction-factor G’. (It 
should be noted that G and G’ would not differ appreci- 
ably from each other for Y", where Wo=4.0. This is 
because the term (W»—W)? is very large compared to 
A(W?—1) even at low W, where A is largest.) 
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The less abundant group of negatrons was studied 
with a stronger source, but the counting rate was still 
so low that small reliance should be placed in the 
spectrum obtained. Also, since the source was thick, the 
resulting spectrum shape is probably distorted by 
inelastic scattering in the source. A Kurie plot of this 
spectrum for energies above 2.35 mc? is shown in Fig. 4. 

Because of the uncertainty in the expected shape of 
the spectrum of the high energy group of beta-particles, 
an accurate determination of the relative abundance of 
this group is impossible. An attempt was made, however, 
to determine limits for the abundance of this high 
energy group. In order to simplify the calculations, 
straight line Kurie plots were used though the spectrum, 
in all probability, does not have the Fermi allowed 
shape. In order to set a lower limit for the abundance of 
this group, the straight line (A in Fig. 4) passing from 
the expected end point (1.18 Mev~0.663+0.518) 
through the point at 2.35 mc? was assumed to represent 
the spectrum ; the relative abundance of the high energy 
group was accordingly found to be 2 percent. The 
author feels that this procedure gives a value for the 
abundance which is almost certainly too low. In order to 
set an upper limit for the abundance of the high energy 
group, the straight line (B in Fig. 4) passing from the 
expected end point through the point indicated by a 
triangle was assumed to represent the spectrum. The 
point represented by the triangle was obtained using a 
thin source and was normalized to conform to the thick 
source counting rate. This point is located between the 
end point of the low energy beta-group (0.518 Mev) and 
the K conversion peak (0.625 Mev). Counts in this 
region are due to the high energy beta-group and 
possible scattering of some of the internal conversion 
electrons. The relative abundance of the high energy 
group corresponding to line B in Fig. 4 was found to be 5 
percent. Even though the scattering was minimized by 
use of a thin source, the point represented by the triangle 
is probably too high and the value of 5 percent can be 
considered an upper limit for the relative abundance of 
the high energy group. 


























Fic. 4. Kurie plot of high energy group of beta-particles from 
Cs’ with two straight lines that were used to determine the 
abundance of this group. 
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The K internal conversion coefficient (ax) for a 
transition is defined as the ratio of the number of K 
electrons ejected to the number of gammas which are 
emitted. This coefficient for the 0.663-Mev gamma was 
found to be ax=0.081, while the ratio Vx/N 1% was 
5.0. The latter value agrees fairly well with the de- 
termination by Mitchell and Peacock who found 
Nxr/N1=4.8, but their value for ag was 0.118. Ac- 
cording to the Oak Ridge tables of internal conversion 
coefficients,!®> which are calculated from the relativistic 
formula, one finds that ax=0.081 for Ba!’* falls be- 
tween the values for magnetic 2*-pole (@x*=0.094) and 
electric 25-pole (ax5=0.053) radiation, which in both 
cases requires a change of parity. (Since the tables of 
Rose et al., were not specifically computed for Z= 56 and 
energy 0.663 Mev, a careful graphical interpolation was 
carried out to obtain the values for Bx* and ax® which 
are quoted above.) 

The value of 0.081 for the K internal conversion 
coefficient may be too high, because the window of the 
counter cuts out an undetermined part of the beta- 
spectrum. Even though the window of the counter has a 
cut-off of three kev, it probably attenuates the number 
of negatrons that reach the counter with energies below 
fifty kev. If there is inelastic scattering in the source, a 
portion of the beta-spectrum will be degraded to a 
region where there is attenuation in the counter 
window. 


CONCLUSIONS 
Yttrium®*! 


The agreement observed by the present author and by 
Langer and Price between experimental results for Y* 
and the theoretical predictions indicate that its decay 
involves a spin change of two units together with a 
change of parity. The results show the usefulness of the 
Feenberg-Hammack nuclear shell model in predicting 
spin and parity changes and also provide evidence for 
the validity of the Gamow-Teller selection rules and the 
Fermi theory for forbidden spectra. 


Cesium!*? 





The results for Cs!’ are not so conclusive. Examina- 
tion of the data leads to the following conclusions: 


(1) There is branching in the decay of Cs’, with the higher 
energy group accounting for between two and five percent of the 
total disintegrations. The end point of the low energy beta-group 
is 0.518 Mev, the energy of the gamma is 0.663 Mev, and the end 
point of the high energy betas is about 1.18-Mev. 

(2) The shape of the low energy beta-spectrum indicates that 
this transition may involve a spin change of two together with a 
change of parity. 

(3) A spin change of 4 or 5 and a change of parity appear to be 
most probable for the transition from metastable Ba*’* to the 
ground state. 


14 No use was made of this ratio because no theoretical curves 
which are calculated from the relativistic formula were available. 
16 Rose, Goertzel, Spinrad, Harr, Strong (prepublication copy). 
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Using the ground state of Ba’ ([=#%, even) as a 
starting point, Fig. 5 shows two possible spin assign- 
ments which can be made for levels in the disintegration 
scheme of Cs¥*?, 

In diagram A, Fig. 5, the spin change in the high 
energy transition is AJ=2 with no change in parity, 
placing it in the second-forbidden class, according to the 
G-T selection rules. The figure of 0.02 to 0.05 for the 
branching ratio is perhaps too small for this interpreta- 
tion in view of the fact that the larger energy change 
partially compensates for the higher degree of for- 
biddenness. Unfortunately, there are no well established 
examples of similar transitions with which to make 
comparison. 

If diagram B, Fig. 5, is accepted as correct, the high 
energy group will still be second forbidden according to 
the Gamow-Teller selection rules, but with AJ=3 and 
no change of parity. The probability for this transition 
is considerably smaller than for second-forbidden with 
AI=2 (no), so that the number of beta-particles found 
in the high energy group may be now somewhat too high. 

Even though the decay scheme for Cs'*’ is not definite, 
there is no pronounced disagreement with theoretical 
expectations. The shape of the low energy beta- 
spectrum seems to conform with the shell theory of the 
nucleus, the Gamow-Teller selection rules, and the 
Fermi theory for forbidden spectra. 
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Nuclear magnetic resonance absorption peaks have been ob- 
served for seventeen nuclear spécies. The technique used in 
observing the resonances involves the use of super-regenerative 
oscillators and is different in many respects from the bridge method 
of Purcell and the nuclear induction method of Bloch. Resonance 
absorption has been observed for the following nuclei: H', H?, Li’, 
Be®, B", F!®, Na, AP?, Pt, Cu, Cu®, Br”, Br®!, Rb®, Rb8?, 127, 
and Cs!*. By comparison of various resonance peaks with the 
proton resonance peak observed simultaneously in the same 
magnetic field, values for nuclear gyromagnetic ratios and nuclear 
magnetic moments can be determined in terms of the gyromagnetic 
ratio and the magnetic moment of the proton. The following fre- 


quency ratios have been obtained: 
Ratio of resonance 
frequency to proton 
frequency in same 
magnetic field 
Nucleus 
H? 0.15355 40.03% 
Li? 0.38862 +0.02 
Bu 0.32076 +0.03 
Fi 0.94086 +0.02 
Na* 0.26454 +0.03 
Al? 0.26062 +0.04 
Cus 0.26515 +0.02 
Cus 0.28404 +0.03 
Br79 0.25059.+0.02 
Br& 0.27014 +0.02 
Rb§? 0.32718 +0.05 
[127 0.20003 +0.04 





I. INTRODUCTION 


INCE the pioneer work of Purcell and his collabo- 
rators' on nuclear magnetic resonances in solids and 
liquids, several different methods have been developed 
for observing these resonances. Purcell employed a 
radiofrequency bridge, one arm of which included a coil 
containing a sample mounted in a strong magnetic field 
H, which could be modulated at a low audiofrequency. 
When the Larmor condition 


hv=uHr/I=gHr (1) 


was realized by variation of H, radiation of radiofre- 
quency v was absorbed by the sample and the bridge was 
unbalanced. By proper adjustment of the bridge, either 
absorption or dispersion effects could be observed.” In 
the contemporaneous work of Bloch and his colleagues*-5 
an entirely different approach to the problem was 
employed. Whereas in Purcell’s method, it was neces- 
sary to work at extremely low radiofrequency power 
levels in order to avoid “saturation effects,” which 
appear as a result of the de-population of the lower 
energy levels, Bloch’s method involved the use of high 
radiofrequency power and involved adiabatic processes. 
In Bloch’s experiment the sample was placed in a coil 
mounted with its axis perpendicular to a strong mag- 
netic field; this coil formed a part of a radiofrequency 
oscillator. Resonances were observed by noting voltages 
induced at resonance in a second coil mounted with its 
axis perpendicular to the axis of the first coil and to the 
direction of the strong magnetic field; this is the so- 
called “nuclear induction” experiment. The ultimate 
sensitivities of the two methods are apparently the 
same. 


* Charles E. Coffin Fellow. 

1 E. M. Purcell, H. C. Torrey, and R. V. Pound, Phys. Rev. 69, 
37 (1946). 

? Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 

* Bloch, Hansen, and Packard, Phys. Rev. 69, 127 (1946). 

‘F. Bloch, Phys. Rev. 70, 460 (1946). 

5 Bloch, Hansen, and Packard, Phys. Rev. 70, 474 (1946). 


Since the original work of Purcell’ and Bloch,* other 
methods of detecting nuclear magnetic resonances have 
been developed by Roberts,* Pound,’ and more recently 
by Torrey.® 

In the work of Roberts, resonances were observed by 
noting the variation occurring in the output of a super- 
regenerative oscillator when condition (1) was realized; 
Roberts also reported experiments with an auto-dyne 
oscillator, which he found to be less sensitive than the 
super-regenerative oscillator. Pound has developed an 
ingenious method of detection which embodies principles 
similar to those involved in Roberts’ work with the 
auto-dyne oscillator; Pound’s system is arranged to 
permit an automatically controlled slow variation of 
frequency in a constant magnetic field and has been 
particularly effective in searching for magnetic reso- 
nances. An amplifier with an extremely narrow pass 
band can be used. Torrey has recently reported the de- 
velopment of a method using pulses of radiofrequency 
radiation ; this method seems particularly well suited for 
studies of spin-lattice relaxation times. 

Our own experiments*—" have been done with super- 
regenerative oscillator circuits operated under condi- 
tions apparently different from those used in Roberts’ 
experiment. A super-regenerative oscillator consists of a 
vacuum-tube circuit which would execute normal oscilla- 
tions at a radiofrequency were it not for an audio- 
frequency ‘“‘quench voltage” which is applied to one of 
the tube elements in such a manner as.to prevent the 
radiofrequency oscillations from attaining their normal 
amplitude ; this type of oscillator can also be considered 
an amplitude-modulated radiofrequency oscillator with 
the amplitude-modulation occurring at the quench- 


8 A. Roberts, Rev. Sci. Inst. 18, 845 (1947). 

7R. V. Pound, Phys. Rev. 72, 527 (1947). 

8H. C. Torrey, Phys. Rev. 75, 1326 (1949). 

* J. R. Zimmerman and D. Williams, Phys. Rev. 73, 94 (1948). 
a R. Zimmerman and D. Williams, Phys. Rev, 74, 1885 


(1948). 
1 J. R. Zimmerman and D. Williams, Phys. Rev. 75, 198 (1949). 
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voltage frequency. The spectrum of a super-regenerative 
oscillator consists of a central frequency vo plus a large 
group of “side-bands” of frequency vo-nv,, where n is 
an integer and v, is the quench frequency. In our work, 
yo was of the order of 7 mc/sec. and the quench fre- 
quency was of the order of 10 kc/sec.; thus, the spec- 
trum of our oscillator consisted of a central frequency of 
approximately 7 mc/sec. plus a large number of side- 
bands spaced at 10-kc/sec. intervals. The relative 
intensities of the various spectral components depend 
upon the conditions at which the oscillator is operated ; 
for example, the relative intensities are functions of the 
bias voltages of the various electrodes in the tube, the 
quench voltage, the quench frequency, etc. 

The central frequency may be easily identified by the 
method mentioned by Roberts;* small changes in 
quench frequency produce changes in side-band fre- 
quency but do not produce appreciable changes in the 
central frequency vo. In normal operation of our equip- 
ment, the central-frequency component was more in- 
tense than any of the side bands. Any of the frequencies 


(n=0, 1, 2,3---) (2) 


is capable of producing a resonance absorption provided 
condition (1) is fulfilled. This fact can be used to ad- 
vantage in search for resonances: for example, if the 
power level of the central frequency is so high as to 
produce saturation, one or more of the side-bands can be 
- used for observing the absorption. Furthermore, as the 
search process involves changing the magnetic field H 
slowly while watching an oscilloscope display, it is 
usually easier to recognize a series of absorption peaks 
corresponding to the frequencies in (2) than to recognize 
a single peak which might be lost in the random noise 
signals. 

Variations in the output of the super-regenerative 
oscillator when resonance occurs may be produced by 
absorption processes involved in transitions between 
energy levels or by the effects of nuclear-induction 
signals on the oscillator itself. Both effects are probably 
present ; Roberts® reports that in his apparatus the latter 
effect was dominant. The relative magnitude of the 
circuit responses to the two effects depends upon condi- 
tions of operation. In our work, the radiofrequency 
power level was kept low, and the effects of resonance 
upon the circuit was analogous to the introduction of a 
resistive element in the tank circuit ; the principal effect 
was a large variation of power level which could readily 
be observed by means of an a-m receiver. The chief 
effect observed was therefore more closely related to the 
Purcell experiment than to the Bloch experiment. 

A small change in oscillation frequency could also be 
observed at resonance by meahs of an f-m receiver. The 
observed variation in frequency was small compared to 
the observed variation in amplitude. That the amplitude 
variation was dominant was further verified by com- 
parison of the proton signal observed by means of an 
a-m receiver with the proton signal observed by means 


v= Vong 
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of an audio amplifier circuit which was insensitive to 
variations in radiofrequency. Although the a-m receiver 
proved more sensitive, the shapes of the proton signals 
obtained by the two methods showed marked similarity. 

In initial search for nuclear magnetic resonances only 
one oscillator coil was placed in the strong magnetic field. 
In quantitative measurements two mutually perpen- 
dicular coils were mounted in the magnetic field; a 


_ proton sample was placed in one coil and a sample con- 


taining another nucleus was placed in the other coil. By 
simultaneous observation of resonances for the proton 
and for the other nucleus, the gyromagnetic ratio of the 
second nucleus could be determined in terms of the 
gyromagnetic ratio of the proton. Experimental details 
are given in the following section. 


II. EXPERIMENTAL METHODS 


The sample, S,, to be investigated was placed within a 
small coil, Z, in the homogeneous field of an electro- 
magnet, M. This coil was the tank coil of a simple LC 
oscillator, the oscillations being interrupted by an ex- 
ternal 10-15-kc quench voltage from an audio oscillator. 
When the condition of resonance, hyv= gH pr, was realized 
by varying H, the energy absorbed from the tank circuit 
of the oscillator caused a marked change in the output of 
the oscillator. This change in output can be detected by 
several methods, two of which will be described briefly. 
A more detailed description of the apparatus will be 
given elsewhere in the near future. 


(A) Direct Audio Detection 


A block diagram of the experimental arrangement 
used in this method is shown in Fig. 1a. An audio 
bandpass amplifier, designed to suppress both 60-c and 
10-kc frequencies, was used to detect any variation of 
the audio components in the plate current of the 
oscillator. By subjecting Hy to a small 60-c modulation, 
amplitude variations occurring at resonance could be 
observed as amplitude signals on an oscilloscope as 
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b. RADIO-FREQUENCY RECEIVER DETECTION 


Fic. 1. Block diagram of apparatus used in search for nuclear 
magnetic resonances. 
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Fic. 2. Magnetic field applied to sample. Ho is the large field 
(6000-7000 gauss) applied to sample. A small 60-cycle modulation 
(10-30 gauss) is superposed. Resonance absorption occurs at field 
Hr. On the oscilloscope employed trace length intervals |A/| are 
proportional to magnetic field variations |AH| when Hp is ad- 
justed so that Hyo= Hp. 


shown schematically in Fig. 2, where for a given fre- 
quency of the LC oscillator, Hz corresponds to the 
resonance condition hy=gH,p. These two oscilloscope 
“pips” coalesce into a single one if Ho is increased to the 
value where Hg becomes tangent to the field modulation 
curve. Since no r-f tuning was required by this method, 
search for nuclear resonances could be carried out by 
varying the frequency of the r-f oscillator and holding Ho 
constant. 


(B) Radio Frequency Receiver Detection 


A block diagram of the apparatus used in this method 
of detection is shown in Fig. 1b. When nuclear absorp- 
tion occurs, there is a decrease in the radiated r-f power. 
This change in output of the oscillator was observed by 
means of a high gain receiver. The quench frequency 
modulation appearing in the output of the receiver was 
filtered out by the I.F. crystal band selector unit of the 
receiver. In searching for nuclear resonances, high 
sensitivity was obtained by using a crystal I.F. band 
width of about 300 cycles. Once resonances were found, 
the sensitivity of the oscillator was adjusted by variation 
of quench frequency and voltage so that the I.F. band 
width in the receiver could be broadened to 1000 cycles. 
This width was large enough to give a good representa- 
tion of the true resonance absorption curves. As in the 
previous method, Hp was subjected to a small 60-c 
modulation. The audio output of the receiver was then 
displayed on the oscilloscope. The sweep of the oscillo- 
scope was synchronized with the magnetic field modula- 
tion, and the 60-c sweep was of such a wave form as to 
give a horizontal beam displacement approximately 
linear in time; departures from linearity were such that 
length intervals A/ on the horizontal trace were pro- 
portional to magnetic field variations AH in the im- 
mediate vicinity of the “pips” when Hz= Hy in Fig. 2. 
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(C) Search Techniques 


In initial search for nuclear resonances, the receiver 
detection method was employed because of its greater 
sensitivity as compared with that of the audio detection 
method. In Fig. 3 are shown typical absorption peaks 
observed with the “search” oscillator. A narrow crystal 


_ LF. band width of 300 cycles/sec was used to increase 


the sensitivity of the apparatus. No attempt was made 
to obtain a true representation of the actual shape of the 
resonance curves for these pictures. In making frequency 
measurements, to be explained later, a broad I.F. band 
width was necessary to give an accurate reproduction 
of the absorption peaks. Some of the curves in Fig. 3 
have two peaks and others appear to have only one. 
This can be explained by the fact that, for the narrow 
crystal I.F. setting, the amplitude of one peak can be 
enhanced and the other one suppressed by slightly de- 
tuning the receiver. The transient effect known as the 
“wiggles” can also be seen in several of the photo- 
graphs in Fig. 3. These “wiggles” always occur after 
the magnetic field has passed through resonance; com- 
prehensive discussions of this phenomenon have been 
given elsewhere.” ” 


(D) Frequency Measurements 


Making use of both the audio and receiver detection 
methods as shown in Fig. 4, one can measure the 
gyromagnetic ratio of an unknown nucleus in terms of 
the proton gyromagnetic ratio. Suppose that a sample, 
S., of an unknown nucleus is placed in the coil of 
oscillator B and a sample, S,, of the proton is placed in 
the coil of oscillator A. With oscillator B remaining at a 
fixed frequency, the magnetic field, Ho, is then varied 
until a nuclear resonance indication appears on the 
oscilloscope trace. Then the frequency of oscillator A is 
varied until the proton resonance occurs at the same 
magnetic field Hr. These two resonances are observed 
simultaneously on an oscilloscope by use of an electronic 
switch. A typical double trace of F!® and H! is shown in 
Fig. 5. The resonance “pips” of the lower trace (H') are 
brought into coincidence with those of the upper trace 
by varying the frequency of oscillator A, the coil of 
which contains the proton sample. 

It can be seen from Fig. 5 that two smaller proton 
resonances occur in addition to the two main resonances. 
These are merely side-band absorptions characteristic of 
super-regenerative oscillators described earlier in this 
paper. The side-bands serve several useful purposes. If 
the magnetic field Ho is varied over a small range, the 
distance between one of the main resonances and its 
accompanying sideband will remain constant provided 
a portion of the oscilloscope sweep is linear with respect 
to magnetic field variations. Provided a portion of the 
sweep is found to be linear in gauss, the total sweep in 
gauss can be estimated, since the sweep is also linear in 


sil A. Jacobsohn and R. K. Wangsness, Phys. Rev. 73, 940 
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frequency and the distance between the main resonance 
and its sideband is merely the frequency of the audio 
quench voltage. 

In Fig. £4, the total sweep, i.e., twice the amplitude of 
the 60-c modulation, is 25 gauss; the distance between 
the main proton resonance “pips’’ and the corresponding 
sidebands is about 4 gauss or 15 kc.; the half-power 
widths of the F!* and H! resonances are approximately 1 
gauss and 0.5 gauss, respectively. Figure 5b shows an 
expanded trace of the coincident F'* and H' amplitude 
“pips.” This expansion gives an indication of what might 
be termed the resolving power of the instrument. As 
indicated in the discussion of frequency measurements 
and field inhomogeneities given below, the half-power 
resonance widths of the unknown samples apparently 
are not at present the limiting factors in the accuracy of 
the experiment. The proton resonance half-width is less 
than that of any of the nuclei to be measured. 


Using the comparison method, one can write hy= gH 
and hv'=g'H where » is the frequency of oscillator B, 
and vy! is the frequency of oscillator A, g is the gyro- 
magnetic ratio of nuclei in S,, and g' is the gyromagnetic 
ratio of the proton. If the field Ho is homogeneous 
throughout the region of S, and S,, then g=(v/v')g'. 
When an oscilloscope double trace as in Fig. 5 is ob- 
tained, frequency measurements of oscillator A and 
oscillator B are obtained by tuning the frequencies of 
these oscillators, v' and », in on the frequency calibration 
receiver of Fig. 4, and then zero beating these frequencies 
with a calibrated GR 805SC signal generator. The coinci- 
dent matching shown in Fig. 5 is displayed while fre- 
quency measurements are being made and serves to 
monitor the oscillator frequencies. Any drift in fre- 
quency of either oscillator A or B would be easily ob- 
served if such drift were to occur. This method of 
comparison, of course, is independent of magnetic field 





Fic. 3. Oscilloscope displays observed in search for resonances: (A) proton, (B) proton (audio detection), (C) deuteron, (D) lithium, 
(E) boron," (F) fluorine,!® (G) sodium,” (H) aluminum,’ (I) copper,® (J) copper, (K) bromine,”® (L) bromine,* (M) rubidium,*’ and 
(N) iodine.!”? (Note: the oscilloscope sweep in (B) is different from that described.) 
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Fic. 4. Block diagram of apparatus used in determining fre- 
quency ratios. The coils containing samples S, and S, are actually 
placed with their axes perpendicular to each other and to the 
applied field. 


fluctuations once the resonance “pips” have been 
matched. 

For calibrating the signal generator, a 100-kc crystal 
oscillator is used as a secondary standard, the one- 
hundredth harmonic being tuned to WWV at 10 mc. 
Then, in terms of the harmonics of the crystal oscillator, 
the signal generator is calibrated at intervals of 0.1 mc 
over the expected frequency ranges of the oscillators A 
and B. By means of a vernier attachment, dial readings 
can be made to 0.001 percent of the operating frequency. 
Allowing a three-hour warm-up period, frequency meas- 
urements can be repeated with an accuracy of 0.01 
percent. 


(E) Field Inhomogeneities 


The maximum inhomogeneity of the magnetic field 
over the region occupied by one of the samples can be 
estimated by observing directly the half-power reso- 
nance width of the protons in the given sample. Since 


even for the relatively large samples used, half-widths of 
proton signals are less than 0.5 gauss in a magnetic field 
of 6500 gauss for both S, and S, in Fig. 4, uncertainties 
due to this effect are small in comparison with other 
effects which limit the accuracy of the experiment. 

The mean value of the magnetic field in the region 
occupied by S, as compared with that in the region 
occupied by S, is, however, of considerable significance 
in evaluating the gyromagnetic ratios. Suppose that S, 
and S, are both aqueous solutions of some compound 
containing unknown nuclei X. Then, first by comparing 
the H' resonance in oscillator A,with the X resonance in 
B, and second by reversing this comparison procedure, 
the “inhomogeneity” between the two regions can be 
readily determined. 

Let the superscript r denote the first comparison pro- 
cedure, the superscript s denote the second comparison 
procedure, g' be the gyromagnetic ratio of H', g be the 
gyromagnetic ratio of X, H4 be the magnetic field in the 
region of S, in Fig. 4, Hg be the magnetic field in the 
region of S, in Fig. 4. 

Then, for procedure r, 


righathe-fe (3) 

hv =2'H a", ' 
and for procedure s, 

hvz*= g' HB’, 

hv 4°= gH o*. , (4) 


The magnetic field was in the range 6000-7000 gauss 
for all resonance measurements of unknown nuclei re- 
ported here, and the magnetization curve of the magnet 
material over this field range is essentially linear. To a 
good approximation over this range of magnetic field 
values, the ratio H4/Hz is constant and the relationship 
between H, and Hg may be represented by 


H,'= (k+1)H 3’, (5) 
H,= (k+ 1)H 3°, 


where & is the constant of inhomogeneity. A solution of 
Egs. (3)—(5) yields two useful expressions, 


k+1=(va"va*/vp've'), (6) 
g= (ve"/va(R+ Dg | 


Fic. 5. Oscilloscope displays used comparing resonance frequencies of fluorine!® and the proton. In each photo- 
graph the upper trace shows the resonance for fluorine and the lower shows the proton resonance. The half-width of 


the proton peak is approximately 0.5 gauss. 
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In the determination of (k+1), ten resonance fre- 
quency measurements using procedure r and ten com- 
parisons using procedure s were obtained, the frequencies 
used in s corresponding to those used in r. The average 
value of (k+1) obtained was 


(k+1) (average) = 1.0011+0.0001. 


Since both S, and S, cover the same regions of the 
magnetic field for all measurements, this factor of 
inhomogeneity was assumed to be the same for all 
gyromagnetic ratio measurements. 


III. EXPERIMENTAL RESULTS 
(A) Accuracy of Frequency Measurements 


The experimental results for H?, Li’, B", F!®, Na”, 
AP’, Cu®, Cu®, Br?9, Br®!, Rb*’, I’? are summarized in 
Table II. Magnetic resonances for the nuclei Be®, P*!, 
Rb*, and Cs'* have also been observed by the receiver 
detection method of Fig. 1b. The resonance frequencies 
of these latter nuclei are being measured and will be 
reported later. 

Each value listed in Table II represents the average of 
ten careful frequency-ratio determinations. Each of 
these determinations was made at a different value.of the 
magnetic field Ho. A sample set of data for F'® is shown 
in Table I. The average deviation of the frequency ratio 
with sign disregarded was 0.02 percent. 

In general, the average deviations for the individual 


‘ measurements of a given unknown nucleus are about 


0.03 percent. Since the error in estimating the inhomo- 
geneity of the magnetic field might be as much as 0.01 
percent, and since the frequency calibration of the 
GR 805C signal generator is allowed a variation of 0.01 
percent of the measured frequency, it is easily seen that 
for any accuracy beyond that of the present average 
deviation, further refinement in frequency measure- 
ments and in the measurement of field inhomogeneities 
must be made. These factors, frequency measurements 
and determinations of field inhomogeneity, are the limi- 
tations of the accuracy in the present experiments. 


(B) Summary of Results Obtained on 
Various Samples 


A discussion of the results obtained on various 
samples containing the nuclei under investigation is 
desirable, since the intensity of the resonance peaks is 
strongly dependent upon the material used as a sample. 

The basic datum obtained for any given nucleus in the 
present experiment is the ratio of its resonance fre- 
quency to the resonance frequency of the proton in the 
same applied magnetic field. In comparing our results 
with those of others, we have chosen to reduce their 
published results to a similar frequency ratio. Some of 
the earlier results have been stated in terms of the 
proton magnetic moment as determined by Millman 
and Kusch,” and others have been stated in terms of 


3S. Millman and P. Kusch, Phys. Rev. 60, 91 (1941). 
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TABLE I. Typical data obtained in resonance frequency 
measurements (Fluorine’’). 











Fluorine Proton Observed Corrected 
frequency frequency ratio ratio 
yld yl yl9/yl (v19/ rt) (k +1) 

25.192 26.816 0.93944 0.94047 
24.839 26.424 0.94002 0.94105 
24.913 26.506 0.93990 0.94093 
25.195 26.805 0.93994 0.94097 
25.300 26.913 0.94007 0.94110 
24.932 26.534 0.93962 0.94065 
24.540 26.120 0.93951 0.94054 
24.943 26.536 0.93997 0.94100 
24.827 26.413 0.93995 0.94098 
24.938 26.534 0.93985 0.94088 





Average 0.94086 








this value after application of the Schwinger" correction. 
Some of the values given in published summaries!®!¢ 
include a correction for diamagnetism of the electrons,!” 
which should be applied in calculation of a nuclear 
magnetic moment in view of the fact that the magnetic 


’ field at the nucleus is slightly different from the applied 


field. In view of the recent determination of the absolute 
value of the proton moment,!® it seems desirable at 
present to use the measured frequency ratio as a basis of 
comparison. Actual values of the nuclear moments can 
be obtained in terms of the new value for the proton by 


using measured values of the spin and applying a 


suitable diamagnetism correction. 

Each unknown sample S, had a volume of about 6 cc, 
corresponding to physical dimensions of 5 cm in length 
and of 1.25 cm in diameter. The proton sample, S,, con- 
sisted of about 3 cc of water placed in a test tube 2.5 cm. 
in length and 1.25 cm in diameter. Both samples, S, and 
Sp, always occupied the same regions of the magnetic 
field throughout the measurements of all nuclei reported 
here. A paramagnetic salt was sometimes used in S, to 
reduce the relaxation time of the nuclei, thereby raising 
the upper limit of the power level of the oscillator 
beyond which saturation of the nuclear energy levels 
would occur. The frequency of oscillator B in Fig. 4 was 
set at values corresponding to resonance values of the 
magnetic field in the range 6000-7000 gauss. 

Hydrogen*. The nuclear resonance of H? was observed 
in a 95 percent solution of deuterium oxide. Rabi’s 
group’*!5 using the method of molecular beams was the 
first to measure accurately the gyromagnetic ratio of H?. 
Their value for the frequency ratio is 0.15350.001. 
Bloch”® has recently announced a very precise measure- 

4 J. Schwinger, Phys. Rev. 73, 416 (1948). 

, 04d} B. M. Kellogg and S. Millman, Rev. Mod. Phys. 18, 323 
10 J. Mattauch, Nuclear Physics Tables (Interscience Publishers, 
Inc., New York, 1946). 

17 W. E. Lamb, Phys. Rev. 60, 817 (1941). 
18 Thomas, Driscoll, and Hipple, Phys. Rev. 75, 902 (1949). 
won Rabi, Ramsey, and Zacharias, Phys. Rev. 56, 728 


7° Bloch, Levinthal, and Packard, Phys. Rev. 72, 1125 (1947), 
(u’ /u? = 3.257195+0.00002). 
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TABLE II. Summary of results. 








Frequency ratios 





correct: 
Nucleus (v/v) (Rk +1) 
H? 0.15355+0.00005 
Li’? 0.38862+0.00002 
Bu 0.32076+-0.00009 
F's 0.94086=-0.00017 
Na® 0.26454-+-0.00007 
Al?? 0.26062+0.00011 
Cu® 0.26515-+0.00005 
Cu® 0.28404+-0.00009 
Br?9 0.25059-+-0.00005 
Br® 0.27014+-0.00005 
Rb®? 0.32718+-0.00016 
p27 0.20003+0.00007 








ment which gives 0.1535063+0.00001 for the frequency 
ratio. Bitter,”! using a bridge absorption method, reports 
a value of 0.153510+0.000003. Our corresponding value 
is 0.15355+0.00005. 

Lithium’. An aqueous solution of Li(C2H;O2) was 
used as the sample for observing nuclear resonance of 
Li’. About 1 cc of the saturated solution of CuCl, was 
added to the lithium solution to act as a paramagnetic 
catalyst. With a radiofrequency level satisfactory for 
other materials, saturation of nuclear levels in the 
lithium sample occurred even in the presence of para- 
magnetic ions. However, this saturation does not occur 
for the side-band frequencies of the quenched r-f 
oscillator. Making use of the side-band characteristic of 
super-regenerative oscillators, one can vary the magnetic 
field Ho to nuclear resonance corresponding to a side- 
band frequency instead of the center frequency of the 
r-f oscillator. The side-band frequency used in this case 
was 10.0 kc higher than the center frequency. A previous 
measurement!® of the gyromagnetic ratio of Li’ gives a 
value of 0.388730.00017 for the frequency ratio. The 
corresponding value found here is 0.38862-0.00002. 

Boron". Strong resonances of both Na* and B" were 
observed in an aqueous solution of NazB20,. However, 
only the measurements of B" were obtained with this 
compound. There was no noticeable saturation of the 
nuclear levels at resonance. From molecular beam 
measurements’® a value of 0.3081-+0.0009 for the fre- 
quency ratio is obtained. In a recent private communi- 
cation, F. Bitter reports a value of 0.32085--0.00006. 
These values are to be compared with the value 0.32076 
0.00009 obtained in the present work. 

Fluorine’, Nuclear resonances were first observed in 
an organic liquid CF;— CCl=CCI—CFs3. Much stronger 
resonances have since been observed in an aqueous 
solution of SbF3. In the organic liquid saturation effects 
set in at a much lower power operating level of the r-f 
oscillator than does the aqueous solution of the antimony 
trifluoride. Previous measurements'® gave a frequency 
ratio of 0.9410--0.0009 as compared with the value of 
0.94086+0.00017 measured at this laboratory. 


*1 Bitter, Alpert, Nable, and Poss, Phys. Rev. 72, 1271 (1947). 
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Sodium™, Na®* seems to give a strong resonance in 
most soluble sodium salts. Resonances were observed in 
aqueous solutions of NaI, NaBr, NaAsO», and Na2B.0,. 
Although the concentration of Na*™ nuclei in the 
NaAsO; solution was about the same as the concentra- 
tion of Na” nuclei in the other mentioned solutions, the 
nuclear resonance of Na* in NaAsO, is much stronger 
than that which occurs in the others. Rabi!5 has reported 
a value corresponding to a frequency ratio of 0.26494 
+0.00028. In a, private communication, F. Bitter re- 


‘ports a value of 0.26450++0.00003. Measurements made 


in the present study give the value 0.26454+0.00007. 

Aluminum". Nuclear magnetic resonance absorption 
has been observed in aqueous solutions of both AICI; 
and Al,(SOx,)s. Gyromagnetic ratio measurements were 
made with the AIC]; solution. Rabi!® and his co-workers 
have reported a value giving a frequency ratio of 
0.2603+-0.0007. The average value determined here, 
0.26062+-0.00011, compares favorably with the above 
result. 

Copper® and Copper®. The sample used was a mixture 
of CuCl, and a solution of CuCl,. A considerable gain in 
nuclear absorption intensities of both Cu® and Cu® 
isotopes is obtained by the addition of the cupric ions. 
This increased intensity is, as earlier pointed out by 
R. V. Pound,” due to the cupric ion which decreases the 
relaxation time. Pound” has published the following 
frequency ratios for the isotopes of copper: »(Cu®)/ 
v(Na”)= 1.0022 .and v®/y®=1.0711. Corresponding 
ratios computed from Table II are »/(Cu®)/»(Na”) 
= 1.0023 and »®/y®= 1.0713. 

Bromine” and Bromine*. Nuclear resonances of both 
bromine isotopes were observed in NaBr and KBr 
aqueous solutions. Measurements were made with the 
NaBr solution. The only values published on the 
bromine isotopes are those reported by Pound.” He ob- 
tained v®/y7=1.0778 and v®/y(Na”)=1.0209. Our 
corresponding values obtained from Table II are 1.0780 
and 1.0212, respectively. 

Rubidium®’. An aqueous solution of- RbsCO; was 
employed for observing the nuclear resonance of Rb*’. 
It should be mentioned here that resonance absorption 
was also observed for Rb** with the same sample; and, 
although ‘Rb*’ is only about one-third as abundant as 
Rb*, the intensity of the Rb*®’ peak observed in the 
present experiment is considerably greater than that of 
Rb*, Our value for the frequency ratio is 0.32718 
+0.00016 as compared with 0.3266+0.0010 by molecu- 
lar beam methods. 

Todine!”". The absorption line resulting from I’? was 
first found by using an aqueous solution of NaI as a 
sample. A much stronger resonance was obtained from 
an aqueous solution of KI. Gyromagnetic measurements 
were made using the KI solution. Pound,™ using his 


2 R. V. Pound, Phys. Rev. 73, 523 (1948). 
2 R. V. Pound, Phys. Rev. 72, 1273 (1947). 
*R. V. Pound, Phys. Rev. 73, 1112 (1948). 
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recording radiofrequency spectrometer, found the ratio 
of the frequency of the I?’ line to that of Na®™ in a 
sample of NaI to be 0.75664. We have determined the 
same frequency ratio to be 0.75615. 


IV. DISCUSSION OF RESULTS 


From the results obtained thus far we are led to con- 
clude that the sensitivity of the super-regenerative 
oscillator method of observing nuclear magnetic reso- 
nances is comparable with the sensitivities of the bridge 
and nuclear induction methods. The ultimate limitations 
of sensitivity have not yet been determined ; these are of 
course determined by the effective noise factor associ- 
ated with the oscillator and receiver or amplifier. The 
noise power can be decreased by decreasing the pass 
band of the receiver or amplifier. With 60-c modulation, 
the band width must of necessity be large, approxi- 
mately 1000 cycles for a fair presentation of resonance 
line shapes; by decreasing the modulation frequency, 
one can decrease the band width. In observing a weak 
signal due to resonance absorption, there is an optimum 
radiofrequency power level which is probably de- 
termined by the spin-lattice relaxation time of the ma- 
terial used as a sample. The optimum power level had to 
be determined experimentally in the present work and 
there is at present no satisfactory method by which it 
can be calculated; it can be raised by adding magnetic 
catalysts. Further experimental work must be done be- 
fore accurate estimates of ultimate sensitivity can be 
made. 

An interesting check of some of the work done in the 
present study was made possible by the recent report of 
Bitter,2> which appeared after the completion of our 
experimental work. Using two radiofrequency bridges, 
Bitter determined the ratio of resonance frequencies of 
several nuclei to the resonance frequency of the proton 
in the same magnetic field. In Table III is given a com- 
parison of our results with those given by Bitter. In 
making the comparison, we have taken the ratio of our 
values for various nuclei to the corresponding values 
given by Bitter. It will be noted that in every case the 
results obtained by the two methods are in agreement 
within the limits stated. Except for B" and Rb*® the 


6 F, Bitter, Phys. Rev. 75, 1326 (1949). 


TaBLe III. Comparison of present results with Bitter’s results. 











Present study Uncertainty 
Nucleus Bitter’s results Present study Bitter 
Li’? 1.0000 +0.0001 +0.0001 
Bu 0.9997 3 2 
Na* 1.0002 3 1 
Al?? 1.0002 4 1 
Cu® 1.0003 2 2 
Cu® 1.0004 2 a 
Br® 1.0004 2 3 
Rb*? 1.0000 4 2 








frequency ratios obtained in the present work were 
slightly higher than the ones reported by Bitter. The 
average percentage difference between the values ob- 
tained by the two methods is 0.015 percent, which is 
extraordinarily good agreement in view of the fact that 
the details of the two experiments were quite different. 

There is considerable room for improvement in our 
present methods of frequency measurements. If prac- 
tical improvement in frequency measurements can be 
made, a more accurate determination of inhomogeneity 
factor k can also be made. It may then be advantageous 
to use smaller test samples in the hope of further re- 
ducing the widths of the observed resonance peaks. 
However, the agreement between our present results 
and those of Bitter indicates that fairly reliable results 
can be obtained with the super-regenerative oscillator 
even in its present form. 

The writers take pleasure in expressing their apprecia- 
tion to Professors E. M. Purcell and Arthur Roberts for 
helpful discussions during the early stages of the work ; 
to Professors George Shortley, Ely Bell, and Fred 
Dickey for many valuable suggestions; to Mr. William 
Chambers, Mr. P. L. Reed, and Major Anthony J. 
Mony for assistance in various parts of the experimental 
work ; to Mr. Carl McWhirt and his assistants for their 
cooperation in construction of needed instruments; and 
to Professor Harald H. Nielsen and Dean Alpheus 
Smith for their constant interest and encouragement. 
Grateful acknowledgment is also made to the Graduate 
School and Ohio State University Development Fund 
for research grants needed for the work, and to the 
General Electric Company for a research fellowship 
awarded to one of us (J.R.Z.). 
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TABLE ITI. Summary of results. 








Frequency ratios 
correct 


(v/v!) (k +1) 


H? 0.15355-+0.00005 
Li? 0.38862=+-0.00002 
Bu 0.32076--0.00009 
Fie 0.94086-+0.00017 
Na’ 0.26454-+0.00007 
Al 0.26062-+0.0001 1 
Cu® 0.26515-+0.00005 . 
Cus 0.28404-+-0.00009 
Br’? 0.25059-+-0.00005 
Br#l 0.27014-.0.00005 
Rb*? 0.32718-+0.00016 
p27 _ 0.20003+0.00007 


Nucleus 











ment which gives 0.1535063--0.00001 for the frequency 
ratio. Bitter,”! using a bridge absorption method, reports 
a value of 0.153510--0.000003. Our corresponding value 
is 0.153550.00005. 

Lithium’. An aqueous solution of Li(C2H;02) was 
used as the sample for observing nuclear resonance of 
Li’. About 1 cc of the saturated solution of CuCl, was 
added to the lithium solution to act as a paramagnetic 
catalyst. With a radiofrequency level satisfactory for 
other materials, saturation of nuclear levels in the 
lithium sample occurred even in the presence of para- 
magnetic ions. However, this saturation does not occur 
for the side-band frequencies of the quenched r-f 
oscillator. Making use of the side-band characteristic of 
super-regenerative oscillators, one can vary the magnetic 
field Ho to nuclear resonance corresponding to a side- 
band frequency instead of the center frequency of the 
r-f oscillator. The side-band frequency used in this case 
was 10.0 kc higher than the center frequency. A previous 


measurement!® of the gyromagnetic ratio of Li’ gives a 


value of 0.38873+-0.00017 for the frequency ratio. The 
corresponding value found here is 0.38862+0.00002. 

Boron". Strong resonances of both Na* and B" were 
observed in an aqueous solution of Na2B2O,. However, 
only the measurements of B" were obtained with this 
compound. There was no noticeable saturation of the 
nuclear levels at resonance. From molecular beam 
measurements’® a value of 0.3081+-0.0009 for the fre- 
quency ratio is obtained. In a recent private communi- 
cation, F. Bitter reports a value of 0.32085-0.00006. 
These values are to be compared with the value 0.32076 
+0.00009 obtained in the present work. 

Fluorine’, Nuclear resonances were first observed in 
an organic liquid CF;— CCl1=CC1—CF3. Much stronger 
resonances have since been observed in an aqueous 
solution of SbF. In the organic liquid saturation effects 
set in at a much lower power operating level of the r-f 
oscillator than does the aqueous solution of the antimony 
trifluoride. Previous measurements'® gave a frequency 
ratio of 0.9410--0.0009 as compared with the value of 
0.94086+-0.00017 measured at this laboratory. 


21 Bitter, Alpert, Nable, and Poss, Phys. Rev. 72, 1271 (1947). 


Sodium™*, Na* seems to give a strong resonance in 
most soluble sodium salts. Resonances were observed in 
aqueous solutions of NaI, NaBr, NaAsOz2, and Na2B.Q,. 
Although the concentration of Na* nuclei in the 
NaAsO; solution was about the same as the concentra- 
tion of Na?* nuclei in the other mentioned solutions, the 
nuclear resonance of Na”? in NaAsO: is much stronger 
than that which occurs in the others. Rabi!® has reported 
a value corresponding to a frequency ratio of 0.26494 
+0.00028. In a private communication, F. Bitter re- 
ports a value of 0.26450--0.00003. Measurements made 
in the present study give the value 0.26454+-0.00007. 

Aluminum". Nuclear magnetic resonance absorption 
has been observed in aqueous solutions of both AICI; 
and Al.(SO,)s. Gyromagnetic ratio measurements were 
made with the AICI; solution. Rabi! and his co-workers 
have reported a value giving a frequency ratio of 
0.2603+-0.0007. The average value determined here, 
0.26062+-0.00011, compares favorably with the above 
result. 

Copper® and Copper®*. The sample used was a mixture 
of CueCl, and a solution of CuCl,. A considerable gain in 
nuclear absorption intensities of both Cu® and Cu® 
isotopes is obtained by the addition of the cupric ions. 
This increased intensity is, as earlier pointed out by 


R. V. Pound,” due to the cupric ion which decreases the _ 


relaxation time. Pound” has published the following 
frequency ratios for the isotopes of copper: »(Cu®)/ 
v(Na”*)=1.0022 and v®*/y%=1.0711. Corresponding 
ratios computed from Table II are »/(Cu®)/»(Na”) 
= 1.0023 and v®/y%= 1.0713. 

Bromine” and Bromine®, Nuclear resonances of both 
bromine isotopes were observed in NaBr and KBr 
aqueous solutions. Measurements were made with the 
NaBr solution. The only values published on the 
bromine isotopes are those reported by Pound.” He ob- 
tained y*!/y79=1.0778 and v*!/v(Na®)=1.0209. Our 
corresponding values obtained from Table II are 1.0780 
and 1.0212, respectively. 

Rubidium*’. An aqueous solution of RbeCO; was 
employed for observing the nuclear resonance of Rb*’. 
It should be mentioned here that resonance absorption 
was also observed for Rb** with the same sample; and, 
although Rb*’ is only about one-third as abundant as 
Rb*®, the intensity of the Rb*’ peak observed in the 
present experiment is considerably greater than that of 
Rb*®, Our value for the frequency ratio is 0.32718 
+0.00016 as compared with 0.3266+0.0010 by molecu- 
lar beam methods. 

Todine'*". The absorption line resulting from I’? was 
first found by using an aqueous solution of NaI as a 
sample. A much stronger resonance was obtained from 
an aqueous solution of KI. Gyromagnetic measurements 
were made using the KI solution. Pound, using his 


2 R. V. Pound, Phys. Rev. 73, 523 (1948). 
#3 R. V. Pound, Phys. Rev. 72, 1273 (1947). 
*R. V. Pound, Phys. Rev. 73, 1112 (1948). 
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recording radiofrequency spectrometer, found the ratio 
of the frequency of the I?’ line to that of Na™ in a 
sample of NaI to be 0.75664. We have determined the 
same frequency ratio to be 0.75615. 


IV. DISCUSSION OF RESULTS 


From the results obtained thus far we are led to con- 
clude that the sensitivity of the super-regenerative 
oscillator method of observing nuclear magnetic reso- 
nances is comparable with the sensitivities of the bridge 
and nuclear induction methods. The ultimate limitations 
of sensitivity have not yet been determined ; these are of 
course determined by the effective noise factor associ- 
ated with the oscillator and receiver or amplifier. The 
noise power can be decreased by decreasing the pass 
band of the receiver or amplifier. With 60-c modulation, 
the band width must of necessity be large, approxi- 
mately 1000 cycles for a fair presentation of resonance 
line shapes; by decreasing the modulation frequency, 
one can decrease the band width. In observing a weak 
signal due to resonance absorption, there is an optimum 
radiofrequency power level which is probably de- 
termined by the spin-lattice relaxation time of the ma- 
terial used as a sample. The optimum power level had to 
be determined experimentally in the present work and 
there is at present no satisfactory method by which it 
can be calculated; it can be raised by adding magnetic 
catalysts. Further experimental work must be done be- 
fore accurate estimates of ultimate sensitivity can be 
made. 

An interesting check of some of the work done in the 
present study was made possible by the recent report of 
Bitter,5 which appeared after the completion of our 
experimental work. Using two radiofrequency bridges, 
Bitter determined the ratio of resonance frequencies of 
several nuclei to the resonance frequency of the proton 
in the same magnetic field. In Table III is given a com- 
parison of our results with those given by Bitter. In 
making the comparison, we have taken the ratio of our 
values for various nuclei to the corresponding values 
given by Bitter. It will be noted that in every case the 
results obtained by the two methods are in agreement 
within the limits stated. Except for B" and Rb* the 


% F, Bitter, Phys. Rev. 75, 1326 (1949). 
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Taste III. Comparison of present results with Bitter’s results. 











Present study Uncertainty 
Nucleus Bitter’s results Present study Bitter 
Li’? 1.0000 +0.0001 0.0001 - 
Bu 0.9997 3 y 
Na* 1.0002 3 1 
Al?? 1.0002 4 1 
Cu® 1.0003 2 2 
Cu® 1.0004 2 2 
Br® 1.0004 2 3 
Rb* 1.0000 4 y 








frequency ratios obtained in the present work were 
slightly higher than the ones reported by Bitter. The 
average percentage difference between the values ob- 
tained by the two methods is 0.015 percent, which is 
extraordinarily good agreement in view of the fact that 
the details of the two experiments were quite different. 

There is considerable room for improvement in our 
present methods of frequency measurements. If prac- 
tical improvement in frequency measurements can be 
made, a more accurate determination of inhomogeneity 
factor k can also be made. It may then be advantageous 
to use smaller test samples in the hope of further re- 
ducing the widths of the observed resonance peaks. 
However, the agreement between our present results 
and those of Bitter indicates that fairly reliable results 
can be obtained with the super-regenerative oscillator 
even in its present form. 

The writers take pleasure in expressing their apprecia- 
tion to Professors E. M. Purcell and Arthur Roberts for 
helpful discussions during the early stages of the work ; 
to Professors George Shortley, Ely Bell, and Fred 
Dickey for many valuable suggestions; to Mr. William 
Chambers, Mr. P. L. Reed, and Major Anthony J. 
Mony for assistance in various parts of the experimental 
work; to Mr. Carl McWhirt and his assistants for their 
cooperation in construction of needed instruments; and 
to Professor Harald H. Nielsen and Dean Alpheus 
Smith for their constant interest and encouragement. 
Grateful acknowledgment is also made to the Graduate 
School and Ohio State University Development Fund 
for research grants needed for the work, and to the 
General Electric Company for a research fellowship 
awarded to one of us (J.R.Z.). 
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A radioactive isotope of a half-life of 35.01+0.5 minutes has been found in the tin fraction of cadmium 
bombarded with alpha-particles. Using electromagnetically enriched cadmium the assignment can be made 
to Sn 111. Positrons of 1.45 Mev and x-rays are observed. 





20-MINUTE tin activity has been reported! re- 

sulting from indium bombarded with protons. 
Positron emission was observed and the assignment was 
made to Sn", ; 

Alpha-particle bombardment of cadmium has yielded 
a 25-minute tin activity.? Negative particle emission 
was reported, however; and the assignment could pos- 
sibly be made to Sn"* also. The 105-day tin activity* 
which decays by K-electron capture is known to be due 
to Sn, 

In so far that a short lived activity is strongly in- 
dicated in the light mass numbered isotopes of tin, it 
was thought that a positive identification could be 
made with the aid of electromagnetically separated 
isotopes. 

The chemical identification of the activity is readily 
established by obtaining the tin chemical fraction from 
cadmium metal bombarded with 20 Mev alpha-particle. 


ACTIVITY 
5 
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Fic. 1. Decay curve of the tin fraction of cadmium 
bombarded with 20 Mev alpha-particles. 


* Now at Muskingum College, New Concord, Ohio. 

1S. W. Barnes, Phys. Rev. 55, 241 (1939). 

2 J. J. Livingood and G. T. Seaborg, Phys. Rev. 55, 667 (1939). 

3S. W. Barnes, Phys. Rev. 56, 414 (1939); K. D. Coleman and 
M. L. Pool, Phys. Rev. 72, 1070 (1947). 


Hilger Lab. No. 10,677 of 99.9999 percent purity was 
used. The tin fraction was placed in a magnetic field 
and a Geiger counter was so located as to intercept 
either positrons or electrons.* The positron decay curve 
is shown in Fig. 1. Upon subtraction of longer period 
positron activities a new 35.0+0.5 minute activity was 
found. 

Similar bombardments were made with stable iso- 
topes of electromagnetically separated cadmium 106, 
108 and 110 enriched to 32.9, 24.8 and 70 percent re- 
spectively.** The samples were mounted in sets of two 
on opposite sides of a rotating internal probe and thus 
given very nearly identical alpha-particle bombard- 
ments. The results showed that the activity was clearly 
obtained from the Cd! isotope but not from the Cd! 
or Cd"° isotopes. The assignment of the 35-minute 
activity is thus made to Sn”. 

Figure 2 shows a curve of the aluminum absorption 
measurements of the total activity of the tin fraction. 
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Fic. 2. Aluminum absorption curve taken in the 35.0-minute 
period of the tin fraction from an alpha-particle bombardment of 
cadmium. The positron end-point is 1.45 Mev. X-rays in the tin 
region are also indicated. 


‘L. L. Woodward and D. A. McCown, Rev. Sci. Inst. 19, 823 


(1948). 

** Supplied by the Y-12 plant, Carbide and Carbon Chemicals 
Corporation through the Isotopes Division, U. S. Atomic Energy 
Commission, Oak Ridge, Tennessee. 
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During the time that the activity was in the 35-minute 


period the measurements were taken on a Wulf elec- 
trometer attached to an ionization chamber. 

A beta-end point of 0.68 g/cm? was found corre- 
sponding to about 1.45 Mev. Evidence is also seen for 
the presence of x-rays of an absorption coefficient 
characteristic of the tin region. The ratio of K-electron 
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process, as suggested by the x-rays, to the positron 
decay process is about 26. 

Acknowledgment is gratefully made for support re- 
ceived from the Ohio State University Development 
Fund and the Graduate School. The chemical separa- 
tions were performed by H. L. Finston and R. M. Dyer. 
E. C. Mallary kindly helped in taking some of the data. 
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If a particle which can decay spontaneously is subjected to collisions with other particles the transition 


probability may be changed. The calculation of such an effect by the usual time-dependent perturbation 
methods is complicated by the circumstance that energy can be conserved in some intermediate states, be- 
cause of the possibility of elastic scattering. The perturbation calculation is here modified in such a way that 
the resulting expression for the whole transition probability does not contain any divergences or spurious 
effects. By suitable approximations the expression is separated into two parts, one of which gives the proba- 
bility of elastic scattering followed by a spontaneous transition, and the other the true stimulated transition 


probability which causes a change in the lifetime. 


I. INTRODUCTION 


F a particle which is subject to decay suffers a colli- 
sion with another particle, it is conceivable that its 
lifetime will be altered. Such a process is exemplified 
by a meson interacting with a nucleon, for which the 
stimulated lifetime has been calculated.’ 

Such a stimulated decay is a three-step process, the 
collision accounting for two steps, and the decay, the 
third. If the collision be viewed as absorption and re- 
emission, and standard time dependent perturbation 
theory* be applied, the result for the transition proba- 
bility per unit time, wy; is 


wie i= 2/h| Hyil*oy, (1) 
-where py; is the density of final states, and 
Ayu H1 1H: 
Ay=D (2) 





ru (E:—En)(E;— Er) 


Here the H’s are the matrix elements connecting the 
initial, first intermediate, second intermediate, and 
final states, and the EZ’s are the energies of these states. 

To calculate the stimulated decay of the incident 
particle it is necessary to integrate wy, over a set of 
variables describing the final state. Since momentum is 
conserved at every step of such a process, the energy 
of the second intermediate state, Eyz, could be chosen 
ain Now at Department of Physics, University of Illinois, Urbana, 

nols. 

‘W. H. Furry and J. N. Snyder, Phys. Rev. 75, 1265 (1949). 


*See W. Heitler, The Quantum Theory of Radiation, (Oxford 
University Press, London, 1944) Second Edition. 















as one of these variables. If this is done it is seen that 
the integrand (1) has a quadratic divergence at Eyr= E;. 
The origin of this difficulty is simply that energy could 
be conserved in the second intermediate state as well 
as in the final state. This corresponds to an elastic 
scattering of the particle followed by its spontaneous 
decay. 

This divergence difficulty can be circumvented by 
re-examining the development of (1)-(2) and retaining 
those terms which are negligible in ordinary problems 
(E;,En~E;) but are important here. These are the 
boundary terms which arise at each step in the calcula- 
tion of the probability amplitudes of the intermediate 
states, since all amplitudes except that of the initial 
state are required to vanish initially. If this is done the 
transition probability becomes 


Pril=E f ‘ fda “Or 


ei(Es—-Es)tih_ Ayu An 1H: 
111 (E:— En) (E:— Er) 
Ay Hu 1H i 


(E;— Er) 





x 





E;—E; 


e(Es-E1l)thh_ } 2 


» (3) 








~ (En— E;) (E;- Er) 


where the sum and integrals are to be performed over 
the variables of the final state; only the pertinent E; 
and £7; integrals are shown. This integrand does not 
suffer from any singularity at E;;=E;. But this line 
of attack is immediately precluded by the fact that (3) 





















i  - 


- gives not only a contribution to the transition proba- 
bility from E;=E,;~Ez but also from Ey,,;= Ey; Ei, 
thus violating conservation of energy. 

A more careful treatment of the problem is hence 
necessary. 


Il. SOLUTIONS OF THE PERTURBATION EQUATIONS 


As notation, let 
c= E;- Ey (4) 


y=E;—En (5) 


and let ¢ represent generically the additional variables 
(angles, etc.) necessary to specify the second inter- 
mediate state, and 7 those to specify the final state: 
Hence: 

y, & specify an intermediate state, 

x, n, y, € specify a final state. (6) 


In addition, for convenience, let the two matrix ele- 
ments for the scattering process be replaced by a “‘sec- 
ond-order matrix element.” 


Arr 1H ; 
U=> i Sara (7) 
1 E;—E; 


and let the matrix element for the decay H; 11 be de- 
noted by a. In general the variables &, 7 can be chosen, 
and indeed are most naturally chosen, so that both a 
and the density p; defined in Eq. (10) are independent 
of £; the quantity U, on the other hand, may depend 
strongly on &. 

Then if ¢/h be for convenience replaced by #, the 
equations for the probability amplitudes of the second- 
intermediate and final states are: 


tdrr(y,£) =e-'U (y,£) 
+h eva) ta* (x,n,y)az(x,n,y,€), (8) 


id;(x,n,¥,£) =e in ‘ax(x,n,y)arr(y,€), (9) 


where the transition probabilities have been assumed 
to be so small that the amplitude of the initial state a; 
can be considered constant and equal to unity. 

These equations differ from the conventional treat- 
ment by the retention of the second term in Eq. (8) 
which represents the effect of the excitation of a state 
on the probability amplitude of the preceding state. 
It is just the retention of this term that removes the 
divergence difficulty associated with the. conventional 
treatment. The sum in (8) is to be carried over the re- 
stricted number of final states which can arise from a 
given intermediate state. No sum occurs in (9) since 
a given final state (x,»,y,£) can arise from only one 
intermediate state (y,£). 

If the sum in (8) consisted only of one term (one-to- 
one correspondence of intermediate to final states), the 
equations could be integrated exactly, but this does not 
seem to correspond to any known physical problem. 
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If the sum in (8) were replaced by an integral and az; 
eliminated by the use of (9), a second-order differentio- 
integral equation for ay would be obtained. Such equa- 
tions are met with in the theories of line breadth*® and 
radiation damping,‘ where they are solved by assuming 
solutions of a convenient form. No such simple Ansatz 
suggests itself here. 

Equations (8)-(9) are solved in an approximate 
manner by introducing a “density of final states,” 
pi(x,n,y) with the significance 


p1(x,n,y) = Number of final states in the range dxdyn 
about x,y which arise from a given in- 
termediate state y,é, (10) 


and replacing the sum in (8) by an integral over the 
variables x’ ,n’ describing the final states. Equation (9) 
is then multiplied by p:(x,n,y)a*(x,n,y) and integrated 
over dn. With the notation® 


f erps(en' da* (x,n’,y)as(x,n",v,€) = A;(x,y,), (1 1) 


fertosten'y) | a(x,n",y) | 2=B(x,y). (12) 
Eqs. (8) and (9) become: 


idly.) HU Q,+ f deve *Ad(e' 98, (13) 


iA f(x,y,£) = e-*-Y 'B(x,y)arr(y,£). (14) 
The substitution 

b(y,€) =e™arr(y,£), (15) 

B(x,y,£) = e'**A s(x,y,£) (16) 


reduces Eqs. (13) and (14) to 


- ib(y,8) +96 (9,8) =U6,8)+ f dx'B(x',y,8), (17) 


iB(x,y,t)-+«B(ax,y,£)=B(x,y)b(y,8). (18) 
The initial conditions on az; and ay were: . 
az=as=0 at t=0, (19) 
so that 
b=B=0 at it=0. (20) 


Equation (18) has the solution 


B(x,y,8) = —ie'*"B (x,y) f ei2'b(yt)dt’ (21) 
0 


a om) F. Weisskopf and E. P. Wigner, Zeits. f. Physik. 63, 54 
‘Ww. Heitler, Proc. Camb. Phil. Soc. 37, 291 (1941); W. Heitler 
and H. W. Peng, Proc. Camb. Phil. Soc. 38, 296 (1942); A. H. 
Wilson, Proc. Camb. Phil. Soc. 37, 301 (1941). 
5 Note that 8 is related to the spontaneous decay constant y by 


= (2%/h)6(0,0). 








i EE 





ib(y,€ it) +-yb(y,€ 54) 


t 
=U(y,t)—i f dx’ e**""B(x’ yy) f e~i2'"B(y,€3t’)dt’ 
0 


=U(y,8)—é f dt'b(y,€;) f dale'*"-)B(2',y). (22) 
0 


In order to solve this equation simply, it is necessary to 
replace B(x’,y) by B(0,y). This is the assumption that 
the density of final states p; and the matrix element a 
are not strongly varying functions of the final energy. 
Such an assumption is in accord with accepted quantum- 
mechanical practice and is equivalent to the assumption 
that most of the contribution to the integral in (22) 
comes from the region x= 0 (E;= E;). Hence the hitherto 
unspecified range of the variable x’ can be extended 
from — © to © and: 


f dx’ e'?' #08 (x,y) 24B(0,y)5(t—U'), (23) 


where 6 is the Dirac 6-function. Hence the right-hand 
side of (22) becomes: 


U(y,t)— 2mi8(0,y) f dt'b(y,£;)6(t—0) 


=U(y,t)—inB(O,y)b(y,631) (24) 


This result, obtained by integrating up to the “‘middle” 
of a delta-function and getting half the usual result 
obtained by integrating across the delta-function, can 
be rigorously justified in this case by the application of 
the Fourier Integral Theorem. 

The solution of (22) with its right-hand number re- 
placed by (24) is 


Uy, 
OH —exp(iyi— 1B (0,y))] (25) 


b »§) = 
. y+inB(0,y) 


which satisfies the initial conditions (20). When Egs. 
(25), (15), and (19) are used, the solution of Eq..(9) is 
found to be 





a(x,n,y)U (y, 8) et 
y+ing(0,y) L x 
Se es on 
«—y—inB(0,y) 





a;(x,n,y,£) _ 





The transition probability is given by 
PO= LD |ay|?. (27) 


all f 





PERTURBATION THEORY 





which satisfies the initial condition. Then (17) becomes: 


A density function p(x,n,y,é) with the significance: 


p(x,n,y,£) = Number of final states in the range 
dxdndydt about x,n,y,é (28) 


is introduced so that the sum in (27) may be replaced 
by an integral, which yields with the use of (26): 


Pio f f f J iudetptiohing tee 








¥+n[B(0,y) P 
e***—1 exp[—i(x—y)t—2B(0,y)é]—1|? 
29) 





The limits on the integrals will be determined by the 
problem under consideration, and these integrals are 
also to be regarded as standing for any necessary spin 
sums. 


III. DISCUSSION 


The expression (29) does not suffer from any diver- 
gence difficulties, nor does it give any contribution to 
the transition probability except from the region around 
x=0 (E;=E,). In addition (29) provides the proper 
answer to the following classical analogy in which 
probabilities rather than probability amplitudes are 
treated by the standard methods of probability theory. 
(The word “‘classical’”’ is here used in the sense that the 
quantum mechanically calculated transition proba- 
bilities, e.g., one for scattering and one for decay, both 
with energy conservation, are combined classically.) 

Let transitions into the intermediate state “JI” occur 
at the constant rate B, while transitions out of the 
state “JJ” into any one of final states “f” occur at a 
rate proportional to a coefficient As and the probability 
Pry of the state “7.” Then with 





Pr=P;=0 at it=0, (30) 
we have 
Py =B—Y P;=B—-> A;Pu, (31) 
f f 
P,=A;Pu. (32) 
Hence, 
mise AD eAt—1 
Py= } (33) 
Yo ome 
where 
A= ~ A}. (34) 


This result is proportional to # only initially, while if 
the “reaction” term describing the effect of the excita- 
tion of a state upon the probability of the preceding 
state were neglected in (31), the result would be pro- 
portional to # for all ¢. 

This “classical” process (i.e., particle is scattered 
elastically and then decays) is, of course, contained in 
and makes a large contribution to (29). The stimulated 
decay (i.e., scattering without conservation of energy, 
followed by decay) is also contained in (29) and is super- 
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imposed upon the “classical” answer. If in (29) the 
matrix elements and density of final states are assumed 
to be slowly varying functions of x and y so that they 
may be replaced by their values at x=y=0 (E;=Eyr 
= F,), the result is 


re) C) dy 
Parmiou(=C f dxf 
—oO a+ 1°78" 


exp[ —i(x—y)t—Bt]—1 


x—y—inB 












x 





2 


» (35) 















where the limits on the integrals have been extended 
from —° to © since the contributions to the integral 
all come from a narrow region of width 8 about x= y=0, 
and where 







C= f fendeo (0,n,0,£) | (00,0) U(0,£) | *. 





The integral (35) can easily be evaluated by the method 
of residues, and yields the result: 


Prrassicai(t) = C{ (2xt/hg)+ (tes. 1)/B"} ? (36) 


which is of the desired form (33). (The factor / in t/h 
has been restored.) 

In order to obtain the complete transition probability, 
including both the “classical” part (36) and the part 
corresponding to stimulated transitions, it is necessary 
to take into account the energy dependence of the 
matrix elements and of the density of final states. 
Since there are no contributions except from very small 
values of x, it is permissible to set x=0 in the functions 
p(x,n,y,€) and a(x,n,y) in the integrand of (29), but the 
dependence on y has to be retained. The exact calcula- 
tion of the integral is in general not feasible, but simple 
approximations suffice to determine the parts which 
are of physical interest. These: are the “classical” 
transition probability defined above and the “stimu- 
lated” transition probability; the latter comprises the 
remaining part of the result which is proportional to 
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the time. In singling out these two contributions we are 
neglecting only small highly complicated contributions 
which decay exponentially in time. 

The “classical” result of Eq. (36) was obtained from 
Eq. (29) by replacing the factor 


p(a,n,y,€) | e(x,n,y) U(y,€) |?/ {9+ (eB (0,y))*} 


by 
p(0,n,0,£) | «(0,n,0)U (0,£) |?/{y*-+ (w8(0,0))"}, (37b) 


and B(0,y) by 8(0,0). To get the “stimulated” transi- 
tion probability we must correct for the replacement 
(37a)—>(37b), but on the other hand, since we are now 
interested only in contributions linear in ¢, we can 
neglect the second term in the last factor in Eq. (29). 
Then since : 


(37a) 


f dx| e~**#/45— ] |2/42-52rt/h, (38) 


with contribution only at x=0, we have as the formula 
for the stimulated transition probability: 


Pain. (= (nt/h) {ff dndyds 


| «(0,n,9) U (y,) | , 
y+ (B(0,y))? 


69,0, SOMIUOD| a 
—~ PY57,Y¢) . 
men + (80,0)? 


In cases such as that of meson decay, in which £ is very 
small and not very strongly dependent on y, the ap- 
proximation of replacing 8(y,0) by (0,0) can be used 
to simplify the evaluation of this integral. 

It may be pointed out that although the integrand 
in Eq. (39) is not everywhere positive, the result is 
certainly positive. This is true because the integrand 
of (29) is everywhere positive and the whole of the 
“classical’’ results (36) comes from a narrow region 
around y=0, whose contribution to the integral in 
Eq. (39) is negligible. 





xX | p(0,n,9,£) 
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Note on the Resonance Scattering of High Energy y-Rays by Nuclei of Carbon and Copper 


E. R. GAERTTNER AND M. L. YEATER 
Research Laboratory, General Electric Company, Schenectady, New York 


(Received April 13, 1949) 


A search has been made for the resonance scattering of high energy y-rays in nuclei of carbon and copper 
using the 100-Mev betatron to provide the primary radiation. The scattering in carbon and copper is less 
than 1 percent and 3 percent, respectively, of the total cross section for resonance absorption. 





VIDENCE indicating that there is a resonance ab- 

sorption of y-rays at high energies has been ob- 
tained by several investigators? from a study of y—n, 
reactions. Goldhaber and Teller*? have suggested a 
nuclear model which may account for this absorption. 
According to Goldhaber and Teller there may also be a 
strong scattering of y-rays at the resonance energy 
characteristic of each nucleus. The angular distribution 
of this scattered radiation, following the Goldhaber- 
Teller argument, is given by the classical Thomson 


formula 
I(@) < (1+cos76), 


where @ is the angle between the primary beam and the 
scattered radiation. This is believed to hold for cases 
where the characteristic wave-length is greater than 2 
times the nuclear radius. 

We have investigated the scattering in copper and 
carbon, using the 100-Mev betatron for a source ,of 
y-rays and a cloud chamber for a detector of the scat- 
tered radiation. Our data indicate the resonance scat- 
tering to be small in terms of the total nuclear absorp- 
tion, and our result is an upper limit for this process. 

A measurement of scattered radiation at a mean 
angle of €=11° has afforded a means of making an 
absolute intensity calibration of the y-ray beam. This 
is necessary for evaluating the cross section for reso- 
nance scattering. The Compton effect produces a 
relatively strong spectrum of scattered radiation at 
this angle. Since this spectrum is readily calculable, the 
intensity of the observed spectrum is a measure of the 
beam intensity. Figure 1 shows the pair spectrum ob- 
tained from the scattering of y-rays in carbon, for a 
peak betatron energy, En, of 50 Mev. By pair spectrum 
is meant the number of pairs produced (in a lead foil 
0.5 mm thick) in the chamber as a function of the pair 
energy. Taking account of the Klein-Nishina differential 
scattering cross section, the bremsstrahlung produced 
by secondary electrons in the carbon, the geometry, and 
the cloud-chamber efficiency, and assuming a primary 
quantum spectrum of the form V(Z)¢dE= K(dE/E),‘ we 


1G. C. Baldwin and G. S. Klaiber, Phys. Rev. 71, 3 (1947); 
Phys. Rev. 73, 1156 (1948). 

*M. L. Perlman and G. Friedlander, Phys. Rev. 74, 442 (1948). 

3M. Goldhaber and E. Teller, Phys. Rev. 74, 1046 (1948). 

‘Early measurements by J. L. Lawson, using the spectrum 


analyzer recently described, Phys. Rev. 75, 436 (1949), indicate 
— to be approximately correct (private communica- 
tion). 
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have calculated the theoretical pair spectrum in 5-Mev 
intervals down to 5 Mev. This is normalized to fit the 
experimental data and plotted in Fig. 1. The fit between 
the theoretical and experimental curves is satisfactory. 
The number of observed pairs is small above the 
“Compton cut-off” energy of 22 Mev, i.e., the maximum 
energy with which 50-Mev quanta can be scattered at 
our minimum angle of 9° by the Compton effect. Using 
the normalizing factor for this curve, we find the average 
number of quanta at a distance of 3 meters from the 
betatron target in a 1-Mev interval at 22 Mev (copper 
resonance energy) to be 1.9X10* per cm? per pulse for 
En=50 Mev.® (This is the greatest intensity, at this 
energy, which was available from the betatron during 
the period of the experiment.*) The corresponding 
constant for Z,,=100 Mev follows from this, if one 
knows the relative y-ray intensity for E,=50 Mev and 
for 100 Mev. This ratio is obtained in a straightforward 
way by comparing the activation of copper samples 
placed directly in the beam. The quantum yield per 
pulse for E,,= 100 Mev is found to be 6.0 times greater 
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Fic. 1. Pairs observed in cloud chamber from quanta scattered 
in carbon at 6=11°. The calculated values are for Compton scat- 
tering and bremsstrahlung from secondary electrons. 


5 These results can be shown to agree with those obtained by 
J. L. Lawson and M. L. Perlman, Phys. Rev. 74, 1190 (1948), 
using a different method, when account is taken of the different 
experimental conditions. — 

6 The relative betatron intensity is checked periodically by a 
Victoreen R-thimble placed directly in the beam, and is monitored 
continuously by an ionization chamber at one side of the beam. 
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Fic. 2. Pairs observed in cloud chamber from quanta scattered in 
copper at @=120°. 


than the number quoted above for E,,=50 Mev. These 
absolute intensities are estimated to be accurate within 
40 percent. 

The measurements at =11° do not constitute a 
sensitive test for the resonance scattering. The geometry 
is such that the calculated intensity of the scattered 
quanta is smaller than the expected bremsstrahlung in 
the carbon, assuming a scattering cross section equal to 
the total cross section of Goldhaber and Teller and a 
(1+-cos?@) distribution. 

A value of 6 near 90° is more favorable for the detec- 
tion of resonance scattering because the distance from 
scatterer to detector is smaller and the contribution from 
Compton scattering and bremsstrahlung from secondary 
electrons is less. Scattering measurements in carbon and 
copper have been made with the following experimental 
conditions. The y-rays from the betatron, operated at 
100 Mev and maximum intensity, pass through a col- 
limator which defines a beam 1 cm high and 3 cm wide 
at the scatterer. A magnetic field sweeps out electrons 
from the beam as it passes through the collimator. 
Carbon or copper of sufficient thickness to absorb 90 
percent of the primary y-rays is placed in the beam. 
The cloud chamber is placed at the side of the scatterer 
so that scattered quanta hitting the pair-forming lead 
foil in the chamber have a mean angle, with the forward 
direction of the beam, of 120°, and a spread in angle of 
45°. Additional shielding of lead is placed between the 
betatron and the cloud chamber to absorb stray radi- 
ation from the betatron. 

In the thick scatterers used, only a fraction of the 
primary quanta in the resonance energy interval are 
absorbed or scattered by the nucleus. This fraction is 
given by the ratio of the nuclear cross section to the sum 
of all absorption cross sections, including pair produc- 
tion and Compton scattering; these are averaged over 
the resonance interval. For assumed resonance widths 
between about 1 and 10 Mev the resonance cross section 
is expected to be smaller than the sum of the pair and 
Compton cross sections. For this range of widths, 
therefore, the number of nuclear resonance processes 
should be nearly independent of the width. If all of the 
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resonance absorption resulted in scatiering with a 
(1++cos6) distribution, we should expect to observe an 
average of 0.03 pairs of resonance energy per picture 
from the copper, and 0.01 resonance pairs per picture 
from the carbon. This expectation is based on the 
Goldhaber-Teller values of the total integrated cross 
section and on our measurement of the absolute beam 
intensity; it includes corrections for geometry, cloud- 
chamber detection efficiency, and absorption of the 
scattered quanta. 

From 12,000 pictures taken with the carbon target 
and 5000 with the copper target, we have obtained no 
pairs which clearly result from nuclear scattering. 
From carbon we have observed one pair of energy 18 
Mev and no others greater than 13 Mev; the few pairs 
observed can probably be accounted for as brems- 
strahlung from secondary electrons in the carbon. The 
nuclear scattering in carbon of quanta of about 30 Mev, 
therefore, cannot amount to more than 1 percent of the 
total nuclear resonance absorption predicted by 
Goldhaber and Teller.’ From copper we have observed 
the spectrum of pairs shown in Fig. 2. Since the multiple 
scattering of secondary electrons and the radiation 
probability are greater in copper than in carbon we 
should expect to observe a greater number of pairs from 
bremsstrahlung. It is probable that the observed pairs 
are of this origin. If one makes the assumption, however, 
that all five of the pairs lying between 15 and 30 Mev are 
due to nuclear resonance, this scattering is no greater 
than 3 percent of the nuclear resonance absorption. 

It would be helpful to have a measurement of the 
total cross section and the total width of the absorption 
resonance. Early in our investigation we made a ten- 
tative measurement of the continuous spectrum of the 
y-rays from the betatron transmitted through two feet 
of carbon, using the cloud chamber to measure the pair 
spectrum. Our data, although weak statistically so far, 
suggest a dip in the pair spectrum in the neighborhood 
of 30 Mev. Measurements of this type may provide 
information about the total resonance absorption. 

We wish to thank Dr. E. E. Charlton and the beta- 
tron group for their generous cooperation. Dr. G. C. 
Baldwin kindly called our attention to this problem in 
advance of publication of the Goldhaber-Teller paper. 
We were fortunate in being able to discuss some of the 
theoretical aspects of the nuclear resonance effect with 
Professor H. A. Bethe and Dr. H. Hurwitz. Our program 
is supported by Contract N7 onr 332 with the ONR. 


7In contrast to this result, the y—m absorption in carbon 
measured by J. L. Lawson and M. L. Perlman, Phys. Rev. 74, 1190 
(1948), is about equal to the predicted total cross section. 
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On the Continuous Gamma-Radiation Accompanying the Beta-Decay of Nuclei* 


C. S. Wanc Cuancf ann D. L. Fatxorrt 
University of Michigan, Ann Arbor, Michigan 
(Received April 22, 1949) 


The quantum mechanical calculations of Knipp and Uhlenbeck, and F. Bloch of the continuous y-spectrum 
associated with the sudden change of nuclear charge during 8-decay have been extended to forbidden 
8-transitions and to the different types of B-interactions. It is shown that the y-spectrum has practically 
the same shape, and the ratio of total y-intensity to 8-intensity is almost the same for forbidden transitions 
as for allowed transitions, irrespective of ihe 6-interaction. This accounts for the good agreement of the 
theory for allowed transitions with the experiments of C. S. Wu on 1;P®, a “forbidden” 8-emitter. A simple 
classical analogue is given to explain this uniformity and is shown to justify the interpretation that the prob- 
abilities for the 6- and y-emission processes may in a very good approximation be taken as independent. 





I. INTRODUCTION 


HE existence of a weak continuous y-spectrum 

accompanying the §-decay of nuclei was first 
shown experimentally by Aston! in his measurements 
on RaE. Subsequently it has. been observed in various 
B-radioactive elements by many investigators,? most 
recently by C. S. Wu? using 1;P*”. 

A satisfactory theory of this inhomogeneous low 
intensity radiation was given simultaneously by Knipp 
and Uhlenbeck,‘ and F. Bloch® who showed quantum 
mechanically that continuous radiation of the observed 
order of magnitude, e.g., roughly a=1/137 quanta per 
B-particle could be attributed to the sudden change in 
nuclear charge when the particle is created and leaves 
the nucleus. This radiation has been called “internal” 
bremsstrahlung in contradistinction to the “external” 
bremsstrahlung which is the continuous electromagnetic 
radiation which is classically associated with the 
acceleration of a passing electron by the Coulomb field 
of the nucleus. The need to extend the calculations of 
Knipp, Uhlenbeck, and Bloch (henceforth denoted by 
KUB) becomes apparent when one seeks to compare 
theory and experiment. In the first place the theory was 
developed only for allowed §-transitions assuming the 
Fermi® polar vector interaction. On the other hand RaE 
and ,sP* are generally classified’ as first and second 
forbidden 8-emitters, respectively. Hence any agree- 
ment between theory and experiment thus far might 
appear as fortuitous. Indeed, one knows that, for 
instance, the internal conversion of y-radiation is quite 


* A preliminary report was presented at the Chicago meeting 
of the American Physical Society, December 1947. 
t Now at the Institute for Advanced Study, Princeton, New 


ersey. 

t Now at the University of Notre Dame, Notre Dame, Indiana. 

1G. H. Aston, Proc. Camb. Phil. Soc. 23, 935 (1927). 

2S. Bramson, J. de Phys. et Rad. 66, 721 (1930); E. Stahel and 
D. J. Commore, Physica 2, 707 (1935); G. J. Sizoo and D. } 
Commore, Physica 3, 921 (1936); E. McMillan, Phys. Rev. 47, 
801 (1935); G. V. Droste, Zeits. f. Physik 100, 529 (1936) ; Sizoo, 
Eickman, and Green, Physica 6, 1057 (1939); E. Stahel and 
J. Guillessen, J. de Phys. et Rad. 1, 12 (1940). 

3C. S. Wu, Phys. Rev. 59, 481 (1941). 

4 J. K. Knipp and G. E. Uhlenbeck, Physica 3, 425 (1936). 

5 F. Bloch, Phys. Rev. 50, 272 (1936). 

6 EF. Fermi, Zeits. f. Physik 88, 161 (1934). 

7E. J. Konopinski, Rev. Mod. Phys. 15, 209 (1943); E. J 
Konopinski and G. E. Uhlenbeck, Phys. Rev. 60, 308 (1941). 


different for the higher multipoles which correspond to 
the successive degrees of forbiddenness of the y-transi- 
tion. To check the theory, therefore, it is necessary to 
extend the calculations of KUB to forbidden -transi- 
tions. 

Since the Fermi polar vector interaction is but one of 
five linearly independent relativistically invariant inter- 
actions (see reference 7) which might be used in the 
B-decay theory, it is also of interest to see whether the 
calculated internal bremsstrahlung varies appreciably 
with the choice of interactions, in which case it could 
serve as a means of distinguishing between them. For 
this reason we have also extended the calculations of 
KUB to the different 6-interactions for first and second 
degrees of forbiddenness. 

The method of calculation is the same as in KUB. 
The joint probability per unit time S(&)dk for emission 
of a quantum of energy & is obtained by a second order 
perturbation calculation, corresponding to the occur- 
rence of the over-all process in two steps: : 

(1) The transition from initial to intermediate state 
consisting of the nuclear transformation accompanied 
by the creation and emission of a #-particle and a 
neutrino. 

(2) The transition of the electron from its inter- 
mediate state to a final state by simultaneous emission 
of a light quantum of energy k. 

The initial state, 0, of the unperturbed system ‘is 
taken to be the state in which only the parent nucleus 
is present with an available energy Wo. The transition 
to the intermediate state, 1, is due to the electron 
neutrino interaction Hs. In this state of the system some 
neutron in the nucleus has been transformed into a 
proton, an electron has been created in a state s’ of 
energy W, and momentum p,, and also an anti- 
neutrino in a state of energy W, and momentum p,. The 
energy of the intermediate state is W;. In the final state, 
f, the nucleus and neutrino remain unchanged, but in 
virtue of the interaction, H,, of the electron with the 
electromagnetic radiation field, a quantum of energy 
and momentum k has been emitted leaving the electron 
with energy W, and momentum p,.** The energy of the 
final state is Wi=Wo=W.+W.+k. The total prob- 


** The relativistic units will be used throughout, k=>m=c=1. 
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ability S(k)dk for the emission of a y-quantum with 
energy between k& and k+dk is 


S(byh=—— a f dQ, f do, f dQ, f dW. 


x (Wo-W.)*(W.— BL (Web)? 1}! 
(f| H,|2)(1| Hs|0) | 
l W.-W 





where W,=Wo—W, is the energy with which the 
electron is “born,” and where the integrations over &,, 
Q, and Q are integrations over the directions of the 
momenta of the electron, anti-neutrino and the light 
quantum and summations over the polarizations of 
these particles respectively. The particular interaction 
Hg used by KUB was the “polar vector allowed.” If 
one wanted only the probability per unit time for the 
non-radiative emission with energy between W and 
W-+4dW, this would be given by 


P(W)dW = 1/(2x)*pW(Wo—W)?| (0| Hal!) |*4W. (2) 


On comparing (1) and (2) there appears to be no good 
reason to suppose that the probability for the over-all 
process should be simply the product of the probability 
for each. Nevertheless, Knipp and Uhlenbeck* have 
given an alternative method for this calculation in 
which the two steps in the radiative 6-decay are 
assumed to be independent. They first obtain the 
probability P(W)dW for the emission of a §-particle 
with energy W using the conventional 6-theory as 
indicated by Eq. (2), and then with a first order per- 
turbation calculation they obtain the conditional 
probability per unit time ®(W,.,) that an electron 
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Fic. 1. Energy distribution of the y-rays following allowed 
8-transitions, scalar and vector theory, for Wo=10 in relativistic 
units. Ordinate kS(k) normalized to unity for k=0. Abscissa, 
k measured in relativistic units. 

Exact, from Eq. (5). 
Approximate Wo large, from Eq. (Sa). 
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coming from the nucleus with energy W, will emit a 
quantum of energy &. (In this calculation the initia] 
electron wave function is taken to be an outgoing wave 
solution of the Dirac equation divergent at the origin 
corresponding to a source of electrons at the nucleus. 
The final electron state is that for a free particle.) Then 
in virtue of the assumed independence of these two 
processes, they are able to write 


S()= f dW.S(W., k)= f dW.P(W.)®(W.,k). (3) 


This expression, if it were valid, has the advantage 
that for any given 6-spectrum one can insert for P(W) 
the experimentally observed energy distribution of the 
outgoing §-electrons thereby eliminating from the cal- 
culation of the radiative effects any lack of uniqueness 
inherent in the 8-theory itself. For example, the question 
of which interaction to use is avoided, as is also any 
mention of the unobserved neutrino. 

The sole justification of Knipp and Uhlenbeck for 
introducing this method of calculation is the a posteriori 
one that for allowed transitions it yields exactly the 
same result as the more rigorous second order per- 
turbation method. But Morrison and Schiff argue that 
it is only for allowed 8-transitions that these two methods 
of calculation will agree, and that for forbidden 
B-transition in which the electron-neutrino coupling 
depends explicitly on the momenta of these particles 
these two methods should no longer agree. 

Our calculations with the forbidden £-transition 
show that although the two different methods of evalu- 
ating the internal bremsstrahlung do not yield exactly 
the same results, they are nevertheless in good enough 
agreement to warrant the use of the simpler form (3) 
in practice for comparison with experiment. In addition, 
by way of making physically plausible the interpreta- 
tion of the B-emission and radiation as independent 
processes, we show in Section III that the function 
©(W., k) may also be obtained classically. 


II. RESULTS 


The electromagnetic interaction for emission of a 
y-quantum of momentum k and polarization e; is . 


H= (2ma/k)*(a-ex,)e-*"", 
where a is the fine structure constant, a the Dirac 
matrix operator. In the Born approximation one 
neglects the effect of the nuclear charge on the electron 
so that both the electron and anti-neutrino wave func- 
tions are the 4-component plane wave solutions of the 
Dirac equation 


A, 
y,=—— exp(ip,-r), for the electron 


0)! 
B, 
(a)! 
8 P. Morrison and L. I. Schiff, Phys. Rev. 58, 24 (1940) 


Yo exp(—ip,-r), for the anti-neutrino 
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normalized to unity in the volume ©. For Hz we take 
the different interactions for the 6-decay. 


A. The Allowed Transitions. Scalar and Vector 
Interactions 


For the polar vector interaction which KUB used, 
the matrix element of Hg is given by 


(!| Hp|0)=G J dr[(V*QU) (ute. —(V*aQU)- (Witay.))] 


where G is the constant determining the strength of the 
coupling of the electron neutrino field to the nucleons, 
Q is an operator which transforms a neutron state into 
a proton state and U and V are the nuclear wave func- 
tions for the neutrons and protons respectively. For an 
allowed transition the second term is dropped. Writing 
M for the matrix element involving the unknown 
nuclear wave functions 


M= f drV*OU. 


KUB obtained 


aG?|M|21 p% 


S(R) = dW.(Wo— W.)? 


v 1+k 
XL(W2+W,?) In(W.+p.)—2W.p.], (4) 
where W,=W.—k. After integration this becomes 


oG?|M|?1 
Se -||wedetts)— Wola sD 
det 


ea 
+ In(x+ (x?— 1)}) 
os 6 


a - re 

~ [we(—+-) _ Wo( +2) 
oS ee @ 

689 1021 


8 
+—- yh o—— |e », (5) 
900 1800 75 





with «=W o—k. For Wo large compared to unity one 
can simplify the above formula by keeping only the 
terms of the highest order in Wo and x, and replacing 
(x?— 1)! by x, then one obtains 


aG?|M|?1/(¢2 7 
S(k)=——— -| |W Wort+—] In2x 
4r* RIL 15 
11 7 689 
- (swe Wert) . (5a) 
9 4 900 


The comparison of this equation with the exact one (5) 
is given in Fig. 1. 
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The total intensity of the y radiation is 


Wo-1 
Sai f dkkS(k) 
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pans 





malic _ a OR, 
—We-+—We'—— | In(Wot (We? 1)! 
4x |l45 ° 6 wa ik: 





22 27 103 
+W(W.?—1)4 -—Ww,'—-—W,?+ ; 
225 200 3600 


For large Wo, this simplifies to 


aG?|M|? 1 
= —W ,§(In2W o— 2.22). (6) 
2n* 3845 





Y 


The §-energy distribution is given by 
P(W.)=(@|M|?/2n*)(Wo-W.)?Wepe, (7) 


whence in the approximation W»>1, the total 6-in- 
tensity becomes 


, . *|M|? 1 
a= dW (We— 1) PW.) — (8) 
| 


T 


so that ratio of total y-intensity to total B-intensity 
for this allowed transition becomes 


T,/1g=4e/3m(In2W o—2.22). (9) 


Knipp and Uhlenbeck‘ rewrite S(k) as given by (8) 
in the form 


Wo 
sw)=[ awPqjew,% — (10) 
1+k 
where P(W,) is given by (11) and 


ap, W2+W.? 
|——— in + .)~2}. (11) 





®(W., z) ~ 


Tie ePs 


&(W., k) is interpreted as the conditional probability 
that a B-electron emitted with energy W, will radiate a 
y-quantum of energy &. In fact they show, further, that 
if one does not average over the direction of the 
quantum: fd in (5), then one may factor out a 
function depending on the angle @ between k and p,. 
This differential conditional probability is given by 


Qa | W2+ W,? 
pekLW.(W.— p, cos8) 





d®(W., k, 0)= 





1 
_ 1}. (12) 
(W.— >, cos@)? 





and integrates to (11). 
Both the differential and integrated probabilities (11) 
and (12) are precisely the same as they obtained by the 
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alternative first order perturbation method mentioned 
in Section I. 

By comparing the scalar B-interaction with the vector 
interaction one can easily convince oneself that one gets 
the same formulas (4)-(12) for an allowed scalar 
transition if one redefined M by 


M= J drV*BOU. 
B. First Forbidden Transition; Scalar 


Interaction 


For this case the matrix element depends explicitly 
on the electron and neutrino momenta 


(Z| Hs | 0) a G/Q(A.*BB.)_—i(pe+ Po) . M] 
with 


M= farveaur. 


Substituting this matrix element into (1) and per- 
forming the summation over the spins and the two 
directions of the polarization one finds 


2W sds f dQ, f dQ, f dQ, 


* ((pe+ po): M }? 


2aG? 
S(k)= 
(2x 








xX 
WW(W2- W,)?) 
(k- Ps) (k- of 
k2 


17,2) POE PD ey 
k? 


Xx | awa | Wa i— 


— W.W.(W.2— 








(k j Ps) (k ; Ps’) 


+2(p4-pe)| 1+ vr (13) 


where W,, is related to k, p., W. and @ by 
W2—W,°=2k(W,-— fp, cosé). 


Remembering also the conservation of momentum: 
p.’= p.+k, one sees that in the square bracket & enters 
either scalarly or through the scalar products with p, 
and p,. We can thus integrate first over-all directions of 
k keeping the angles kp, and kde fixed. After this 
integration and the integrations over all directions of 
p, and p., and changing finally the las: variable of 
integration from ~, to W, in order to compare the 
present result with the probability for the beta-decay, 
one finds 


aG?|M\21 p% 

S(k)= f dWebe 
4p 33 RA 4 

X {[2(pe+ p.2)We(We+We) 
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— (4/3) pe*p2(We+W.)+4kW.W, 
— (4/3)kp.?(2—W.W,) | In(W.+p.) 

+ p.L—4WW o(p.?+ pe”) + (8/3) pope? 
—4kW (W2—-W.W.+W.?)+(4/3)kW pe? }}. (14) 


The last integral is again elementary but the final ex- 
pression is lengthy. For large Wo one has the approxi- 
mate expression, 
aG?|M|? 1/7 64 31 11 
S(k) =———_ -| |—- —W ox®+-—W x5 
Ort =RtL105 = 15 4 


7 1 
— Wes Wee| In2x 
4 2 


1189 
wil 7 ——W ox8-+- W 92x 
7350 75 240 








= 281 


151 
ee —woz']| (15) 


The total y-energy emitted is to this approximation 
aG?| M|? 
I,= — We n2W 2. 30). (16) 


2r* 





‘The probability of 8-emission for this case is 
G? M 2 ot eo? 2 .? eo 
|M| |- p a | (17) 
2r 3 3 9 WW, 








P\(W.)= 


from which it follows, to the same approximation as 
(16), the B-intensity : 


Ig= (G?| M|?/2x*)(1/420)W 8. 
The ratio of y-intensity to B-intensity is 
I,/Tg=4a/3mr(In2Wo—2.30). (18) 


We see that for large Wo, this ratio is almost exactly the 
same as the ratio (9) calculated for the allowed 6-tran- 
sition. 

The exact factorization of the integrand of (14) into 
a product of P(W.) and ®(W., &) is not possible. But if 
we assume that & is small, so that WW, and all the 
terms in the curly bracket involving k can be neglected, 
we can again write, 


Wo 
S(k) = dW.Pi(W.)®(W., k), 


1+k 


where ®(W.,k) is precisely the same expression as 
(11), as obtained for the allowed 6-transition. One can 
even show that for small & the factorization holds for 
the differential probability with the same d® as given 
by (12). 

















C. Second Forbidden, Scalar Theory’ 
The matrix element for this case is 
(1| Ha!0)= —(G/2)Ay*BBoL3 (pert po)alpe + Pe)pM as], 
where now M is a symmetrical tensor of the second rank 
given by 
Mam f drV*BQUr«s;. 


Mi, can be separated into two invariant parts, 
M 3= 43M aadiz + (Mig— 3M aadii). 


The first term gives merely a small correction to the 
allowed transition. Only the second part gives a con- 
tribution to the second forbidden transition. We shall 
denote this spur zero tensor by Ri;. The calculation goes 
as before, and one obtains 


S(k)= = Ras f dW pe 


X {LWe(We?-+W") (po?+ pe”)? 

+ (4/3)W opo?p.2(W2+W.?) 

— (4/3) pe*pe?(pe?+ pe?) (We+ Ws) 
+4kW.W.((5/3)p.?+ P-’) 
+(4/3)kpo?WW.(pa?+ pe’) 

— (8/3) kpo?(pe?-+ 2p.) | In(W.+ds) 
-+P.L— 2WeWe(po?+ pe*)?— (8/3) WeWapo*p.” 
+ (8/3) po*pe*( bo? + pe”) 
+(4/3)kp.?(p.?+3p.")W. 

—4kW (W2—W.W.+W.?)((5/3)po?-+ pe) 
— (8/3)k°W.W.—(16/3)k?p.2WeW, 

+ (40/9)k?p.2+-4k?W.W,(W2—W.W.+W,’) 

— (4k?/3)W.WoW.?+ (8/9)? p.’W.?]}. (19) 


- Making the same approximation W o> 1, and integrating 


aG? 2 58 86 488 
S(t) = Real =| [=e Wott — Wile? 
8x4 15 63 21 63 
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Fic. 2. Energy distribution of the y-rays following 8-transitions 
of different degree of forbiddenness, scalar theory. Wo=10. 
Ordinate kS(#) normalized to unity for k=0, abscissa k measured 
in relativistic units. 

Allowed. 


—— — — First forbidden. 
—----— Second forbidden. 


The total gamma-intensity is to this approximation 
oG?| Rag|? 


2r4 





1 
cae net ae (21) 


y= 
The corresponding 6-emission probability and the total 
8-intensity are given respectively by 











G?| Ras|? 
P,(W.)= peW ePc {aot so+-pepe 
tied 
y pe* Pa? 
——(p2+p,? 22 
et 2s (22) 
and 
G? 
Ig=—| Rag|?: W". 23 
8 - al amet’ (23) 
The ratio 
I,/1p=4a/3m(In2W o— 2.35) (24) 


is again very nearly the same as (9) and (18). 

As in the previous section the factorization of the 
integrand in Eq. (19) is not possible. By making the 
same assumption of k small, one gets exactly 
P,(W.)®(W., k) with the same function ® as before. 


D. Other Interactions 


To investigate the effect of different interactions we 
have also made the calculations with the tensor inter- 
action. For allowed transitions one gets exactly the 
same result as in A. 


The results for first forbidden 
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transitions are much more complicated, since more than 
one nuclear matrix element enters in the final ex- 
pression, and we will not reproduce them here. We have 
shown, that for small & the final result can again be 
factorized as in Eq. (3) where the P(W.) is the com- 
plete first forbidden energy distribution containing all 
the nucleon matrix elements and @ is again given by 
(11). It seems therefore certain that the same fac- 
torization will hold in all other cases. 


III. DISCUSSION 


In Fig. 1 are plotted the y intensity kS(k) vs. k for 
the allowed scalar interaction using both the exact 
expression (5) and the approximate one (5a) for Wo= 10, 
corresponding to an upper limit of 5 Mev for the 
B-spectrum. It is seen that the difference is negligible 
over the whole energy range. Accordingly, we confine 
our discussion of the behavior of the y- and #-inten- 
sities, J, and Ig, to this simplifying approximation. 

To compare the shapes of the y-intensity curves for 
the different degrees of forbiddenness we have plotted 
kS(k) vs. k for the scalar interaction: allowed, first, and 
second forbidden in Fig. 2. The ordinates have been 
adjusted to coincide for k=0. It is clear that one could 
not hope to distinguish degrees of forbiddenness on 
account of the almost identical shapes of these curves. 

The absolute y-intensities do increase with suc- 
cessive degrees of forbiddenness. However, a striking 
feature of our results is that the ratio of total y-intensity 
to total B-intensity is essentially independent of the 
degree of forbiddenness of the §-transition and is given 
by 

I, /Ig=4e/34(In2W o—2.3). (25) 

This is in spite of the fact that the -intensities 
(W—1)Px1(W) vary strongly both in shape and mag- 
nitude for these same transitions. (P,(W) denotes the 
6-distribution for Lth forbidden transition.) 

This behavior is not difficult to explain if one grants 
the factorization of S(z) as given in Eq. (3) to be valid 
for forbidden as well as allowed §-transitions. For then 
the logarithmic energy dependence of ®(W., k) will 
smooth out the variations in P;(W,), and one can show 
easily that one will get for the ratio I,/Ig for large Wo 
the value (4a/32) log(2Wo) for all values of L. 

It is important to note that while the assumption of 
factorizability of S(%) in the above form is sufficient to 
explain the uniformity of the ratio I,/Is, this assump- 
tion has not been made in obtaining the formulae for 
I,/Ig. These were all obtained from the second order 
perturbation method (and evaluated for Wo large). 
However, we have shown in Section II that the fac- 
torization is valid provided only that & is small com- 
pared to Wy and W,. But: by inspection of the curves of 
Fig. 2, one sees that this restriction is @ posteriori 
satisfied since most of the radiation intensity occurs at 
the low energy end of the spectrum and goes rapidly to 
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zero as k approaches W9. Hence the alternative method 
of Knipp and Uhlenbeck appears justified whatever the 
8-interaction, and it is clear why the experiments have 
been in such good agreement with the allowed theory 
of KUB. 

The fact that the rather complicated calculations 
with different interactions all lead to the same result 
(25) suggests a simple underlying physical as well as 
formal reason. We now show that in the same approxi- 
mation in which the method of Knipp and Uhlenbeck - 
is valid, the function ®(W.k) may be obtained purely 
classically thus further corroborating their interpreta- 
tion as to the independence of the 6-decay and y-emis- 
sion processes. 

We consider the following model for the y-emission: 
An electron, having been created during the nuclear 
transformation, is ejected instantaneously with velocity 
v at time ‘=0, and since Z=0, moves with uniform 
velocity v ever after. Classically, of course, one cannot 
account for the creation of the electron or how it got 
its energy. However, once given this kinematical de- 
scription of the electron’s motion following the nuclear 
B-decay, one may ask: What is the spectral distribution 
of the energy radiated by the electron? This is a 
straightforward problem for classical electromagnetic 
theory, and we sketch its solution. 

Starting with an arbitrary current distribution J(r, /) 
having Fourier transform: 


1 Ce) 
J.(r)=— J dtJ(r, t)e~*## 
ar J» 


the transform of the vector potential in the radiation 
field will be given (in Gaussian units) by 


e7 (tw/e)r 
A.(r)= i dr’J.,(r’) exp[ — (tw/c)n-r’], 


cr 


where the integral is taken over the coordinates r’ of 
the current distribution and r is the distance from the 
source to the observation point in the wave zone; n is 
a unit vector in the direction r. 

For the total energy radiated in the angular frequency 
range dw and in solid angle dQ in the direction n, one 
readily obtains 


aW..(8, a=—|ax f J.(r’) exp (io/c)n- yr | (26) 
trad 


For our case, the current is given by® 


I(r, t)=isevd(x)5(y)d(z—vt) for ¢>0 
=0 


for ¢ <0, 


where i, is a unit vector in the z-direction, taken as the 
direction of emission of the 6-electron, and the 6’s are 


*I. Tamm, J. of Phys. (U.S.S.R.) 1, 439 (1939). 
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Dirac 6-functions. Then 
e 
J..(r)=1,—8(x)d(y)e““, = -2>0 
2x 


Inserting this in the bracket of Eq. (26), one gets a 
factor sin@ from nXi,, and the integral becomes 


J dr’J.,(r’) exp[(tw/c)n-r’] 


e rr) 
ine i-— dze~ (ie! ¥) (I—B cos) z 
Qn 0 


"Oe iw(1—B cosé) 
so that the spectral distribution, differential in angle is 
e*y? sin?9 


dW .(0, ¢) = dQ. 
4c? (1—8 cos@)? 





Dividing by fw, we may interpret - 
d®(v, 0, w)=dW.,(0, >) /hw 


as the probability for the electron with velocity »v to 
emit a quantum of energy of frequency w at an angle 0. 


Thus 
ey? sin? 





sin6d@ 
2rhwe* (1—B cosé)? 


a  Bsin*@ 


Sie (1—8 cos6)? 


d®(v, 6, w) = 
(27) 


where a=e?/hc and B=»/c. Integrating over 0, one gets 


afi 1+8 
&(v, w) =— -In— 2] 
molB 1-8 


(28) 


CONTINUOUS GAMMA-RADIATION 





371 


To see that the expressions (27) and (28) are the 
proper classical analogues of the quantum mechanically 
derived formulas (11) and (12), we need only remark 
that if one sets W.=W,, P.=P, in (11) and (12), 
which is required by the assumption k small, and take 
into account the relations for a relativistic electron in 
relativistic units 


P/W=B8 and W?=1/(1—£*) 


then they become exactly the classical formulas (27) 
and (28) above. 

The total energy radiated, gotten by integrating (28) 
over all frequencies will be infinite. But this is due to 
having assumed an instantaneous change in velocity 
from 0 to v. In reality, it will take a finite time 7 for the 
acceleration of the electron to its final velocity v, and 
then the spectrum will go to zero for w>2zx/r. This 
time must be of the order #/mc? in order to correspond 
to the observed y-spectrum and, of course, has nothing 
to do with the 6-lifetime. 

We remark finally on the angular distribution of the 
emitted y-quanta. From (27) it is seen that for the fast 
electrons, 8~1, almost all the radiation is in the forward 
direction in which the 8-particle was emitted, while for 
small electron velocities, (27) reduces to a sin?@ dis- 
tribution, as for a classical dipole. One can therefore 
expect an angular correlation between the §-rays and 
-quanta. 
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The cross section for single charged meson production through absorption of a gamma-ray in a gamma-ray- 
nucleon collision has been calculated to order e*g* in the charged scalar meson theory (scalar coupling) and 
charged pseudoscalar meson theory (pseudovector coupling). The nucleon was assumed to be infinitely heavy, 
thus restricting the validity of the results to gamma-ray energies less than a few times threshold. For a free 
nucleon the threshold for 7-meson production is at 155 Mev in the rest system of the nucleon. Close to 
threshold, in the scalar theory the cross section varies as the three-halves power of the energy above threshold 
and the angular distribution is of the form sin*@, while in the pseudoscalar theory the cross section varies as 
the square root of the energy above threshold and the angular distribution of the mesons is approximately 
isotropic. At energies 50 percent above threshold, the total cross section is of order 10~** cm? in the pseudo- 
scalar theory and of order 10-*® cm? in the scalar theory. 





HE recent completion of the 300-Mev synchrotron 
at the University of California has now made it 
possible to produce 7-mesons by gamma-rays in the 
laboratory and thus measure the cross section for single 
m-meson production by a gamma-ray and the variation 
of the cross section with energy above threshold. It may 
therefore be of interest to report briefly on theoretical 
expectations for these quantities.! 

The process of greatest interest here is that in which a 
gamma-ray of sufficient energy collides with a proton 
(neutron), the gamma-ray disappearing with the pro- 
duction of a single positive (negative) meson, the nucleon 
becoming a neutron (proton). For a free nucleon the 
threshold for this process in the system in which the 
nucleon is at rest is given by 


E,=(1+ (u/2M) Jue’, 


where yp is the mass of the meson and M is the mass of 
the nucleon. Using the Berkeley value? for the meson 
mass, ~=286m where m is the electron mass, the 
threshold is found to be 155 Mev so that energies nearly 
twice threshold are available with the 300-Mev syn- 
chrotron. We may note that the threshold for meson 
pair production in the Coulomb field of a free proton lies 
at 331 Mev, but in the Coulomb field of a heavy nucleus 
this threshold may be reduced to about 286 Mev. In the 
range of energies available at present, the production of 
meson pairs is negligible compared to the production of 
single mesons, except possibly in target materials of high 
atomic number. 

In the following we calculate the cross section for 
single meson production by gamma-rays in the charged 
scalar meson theory (scalar coupling) and the charged 
pseudoscalar meson theory (pseudovector coupling). 
Quantum perturbation theory is employed retaining 


1Single meson production has been treated in the following 
papers: W. Heitler, Proc. Roy. Soc. 166, 529 (1938) ; M. Kobayashi 
and T. Okayama, Proc. Phys. Math. Soc. Japan 21, 1 (1939); 
H. S. W. Massey and H. C. Corben, Proc. Camb. Soc. 35, 84 
(1939) and 35, 463 (1939); L. Nordheim and G. Nordheim, 
Phys. Rev. 54, 254 (1938). 

2 A. S. Bishop, Phys. Rev. 75, 1468 (1949). 


only terms of the lowest non-vanishing order (weak 
coupling approximation), and the nucleon is treated as 
infinitely heavy, thus restricting the validity of the 
results to gamma-ray energies below a few times the 
threshold energy. With the vector potential of the 
electromagnetic field and the meson potential expanded 
in plane waves in a volume V, the perturbation terms in 
the Hamiltonian are 
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In the scalar meson theory, 
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while in the pseudoscalar theory, 
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PRODUCTION OF MESONS 
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In the above, g is the coupling constant of the meson 
field to the nucleon, ax*, ax, dx*, bg are creation and 
destruction operators for positive and negative mesons 
of momentum K, A,**, Ax* are creation and destruction 
operators for photons of momentum k, Ax* (a=1, 2) are 
unit polarization vectors of the photons, r, ¢, « are the 
position, spin,:and isotopic spin operators for the 
nucleon, and wx=(u?+K?)! with uw the mass of the 
meson. Units have been used in which A and ¢ are unity. 

The term H,, in the pseudoscalar case is necessitated 
by considerations of gauge invariance and is present in 
any charged meson theory with gradient coupling. In 
spite of the fact that it leads to the dominant contribu- 
tion to the cross section, it has been overlooked in some 
past calculations. 

From the above expressions one may readily calculate 
the transition matrix element from a state in which there 
is a photon of momentum k and a nucleon in the spin 
state u to a final state in which there is a meson of mo- 
mentum K and the nucleon is in the spin state u. In the 
scalar theory the transition can only take place through 
an intermediate state, while in the pseudoscalar theory, 
because of the term H,, in the perturbation, a direct 
transition is also possible. The results for the transition 
matrix element in the scalar and pseudoscalar theories, 
respectively, are 
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Squaring, summing over final spin states and averaging 

over initial spin states for the nucleon, and averaging 

over the direction of polarization of the gamma-ray, one 

obtains 
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with 6 the angle between the direction of emission of the 
meson and the direction of the incident gamma-ray. 
From conservation of energy, one has K = (k?—y?)}. 
The differential cross section for the process is then 
given by 
V?*KwxdQx 
do= 2r Zz. {| H’| ear 


T 


and substituting the above results, we obtain 
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Integrating over all directions of emission for the meson 
we obtain, for the total cross sections, 
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SCALAR THEORY 
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Fic. 1. Total cross section for single charged meson production 
by gamma-rays on nucleons as a function of the energy AE above 
threshold. Values assumed for the constants are: g*/hc=3, u=286 
electron masses. 
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Here & now represents the energy of the gamma-ray 
divided by ¢’. 

We note that in the scalar theory the angular distribu- 
tion of the mesons produced close to threshold has the 
form sin?@, and that the cross section increases as (AE)* 
where AE= (k—)c* is the energy above threshold of the 
gamma-ray. In the pseudoscalar theory, on the other 
hand, the dominant term gives an isotropic angular 
distribution close to threshold and a cross section in- 
creasing as (AE)}. This latter behavior is a consequence 
of the term H,, in the pseudoscalar Hamiltonian. It has 
been pointed out to the author® that if the anomalous 
_ magnetic moments of the proton and neutron are 
described by Pauli terms in the Hamiltonian, then this 
latter behavior will occur with any meson theory. In 
view of the great present difficulties of meson theory, 
we do not wish to imply much faith in the details of the 
present calculations beyond their usefulness for orienta- 
tion purposes; however, if the anomalous moments of 
the neutron and proton are due to the interaction of 
these particles with the meson field, as is commonly 
assumed, then it is reasonable to expect that these two 
features of our result in the pseudoscalar theory, the 
isotropic angular distribution, and the (AZ)! variation 
of the cross section close to threshold, will be verified by 
experiment. In passing, we may also note the remarkable 
similarity between the results for the pseudoscalar 
theory and the results obtained for the cross section for 
photodisintegration of the deuteron.* In fact, our calcula- 
tion may be considered as that of the photo-disintegra- 
tion of the proton into a neutron and positive meson and 
of the neutron into proton and negative meson in a 
generalized sense. 

The numerical magnitude of the cross sections may be 
in error both due to the inadequacies of the present 
theory and because of a lack of a reliable value for the 
meson coupling constant. The order of magnitude is 


* Private communication from R. E. Marshak; see also refer- 


ence 5. 
4H. Bethe, Elementary Nuclear Theory (John Wiley & Sons, Inc., 
New York, 1947), p. 56. 
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probably reliable, however, and if we assume g*/hc=}, 
we obtain the values plotted in Fig. 1. Results for other 
meson theories may be expected to be comparable. It 
need hardly be pointed out that an accurate determina- 
tion of the cross section at some known energy will yield 
a value for the coupling constant g which is likely to be 
more accurate than any estimated value from the meson 
theory of nuclear forces. In particular, the cross section 
of hydrogen would be of especial value. 

From the above formulas one may readily calculate 
capture cross sections of nucleons for mesons with 
gamma-ray emission, but since this question is treated 
in detail in another paper® it will not be discussed here, 
This work was supported in part by the Atomic Energy 
Commission. 


Note added in proof: Since the submission of the present 
paper for publication, another paper* on this same subject has 
come to the author’s attention. While it has not yet been possible 
for the author to see this paper, the results as quoted in another 
publication’ appear to be in substantial agreement with the results 
published here. 

Recently the production of x-mesons by 335 Mev gamma-rays 
has been announced by the group working with the synchrotron 
at Berkeley. The target is essentially glass (nuclear plates) in 
one case and carbon in another and a cross section of approxi- 
mately 3 10-® cm? per nucleon was obtained though this result 
is admittedly very rough. Since only mesons with energies less 
than 20 Mev could be counted, the cross section may be consider- 
ably larger and ihe effect of binding of the nucleons into nuclei 
also makes any comparison with the cross section calculated in 
this paper unwarranted. It was also observed in this experiment 
that many more negative than positive mesons were produced 
(or at least detected in the emulsions). If this result is correct it 
would be extremely improbable that it could be reconciled with 
the theory we have presented which would predict at best only 
small differences in production probability between positive and 
negative mesons on the basis of the effect of the Coulomb field of 
the nucleons. 


5R. E.- Marshak and A. S. Wightman, Phys. Rev. 76, 114 
(1949). 

6 J. Hamilton and H. W. Peng, Proc. Roy. Ir. Ac. 49A, 197 . 
- (1944); see also C. Morette and H. W. Peng, Nature 160, 59 (1947). 
7W. Heitler, Rev. Mod. Phys. 21, 113 (1949). . 
8 E. M. McMillan and J. M. Peterson, Science 109, 438 (1949). 
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Following the detonation of the experimental atom bomb at 
Alamogordo, New Mexico, on July 16, 1945, a radioactive con- 
taminant was encountered in strawboard material used by the 
Eastman Kodak Company for packaging photographic sensitive 
films. This paper board was manufactured in a mill situated at 
Vincennes, Indiana, on the Wabash River. A run of strawboard, 
produced on August 6, 1945, showed this new and unusual type of 
radioactive contaminant. X-ray film packed with this board 
showed fogged spots after about two weeks’ exposure. 

Measurements of the contaminated spots of strawboard showed 
no alpha-activity but fairly strong beta-activity. Absence of alpha- 


activity ruled out naturally radioactive materials. Measurements 
of the beta-activity showed a maximum energy of about 0.6 Mev. 
and a half-life of approximately 30 days. Radiochemical studies of 
the active ash from the strawboard indicated that the material 
was of the rare earth series. The energy value and half-life of the 
beta-radiation are compatible with the isotope, Ce 141. 

All studies point to the conclusion that the radioactive con- 
taminant was an artificially radioactive material which found its 
way into the mill through the river water. The most likely explana- 
tion seems to be that it was a wind-borne fission product derived 
from the atom-bomb detonation in New Mexico on July 16, 1945. 





XPERIMENTAL evidence is given in the present 
paper to show that radioactive fission products 
resulting from the detonation of the first atomic bomb 
in July, 1945, in the state of New Mexico, were de- 
tected by photographic means on paper stock derived 
from raw products and manufactured in a paper mill 
at a location approximately 1000 miles from the point 
of detonation. The experimental observations on this 
problem were carried out between September and 
December, 1945, and to the author’s knowledge repre- 
sent the only case of detection of fission products at a 
ground station so remote from the point of detonation. 
The magnitudes of the radioactive effects observed were 
exceedingly minute and were detected at all only 
because of unusual circumstances that resulted in very 
great sensitivity. In fact, the main reason for presenting 
the data at this time arises from the thought that the 
results obtained, and the experimental procedure used, 
might be of interest to other physicists who are con- 
cerned with detection of minute quantities of radio- 
active materials. 

This work had its origin in a new and unusual type of 
radioactive contamination encountered in August, 
1945, in cardboard material used by the Eastman 
Kodak Company for packaging sensitive photographic 
materials. Before discussing the principal subject of this 
paper, it will perhaps be of interest to present first 
certain background information on prior experience 
of the Eastman Kodak Company with radioactive 
contaminants, which will serve to introduce the main 
results to follow. 

Preceding the time of appearance of the above- 
mentioned contaminants and during the war, a great 
deal of the cardboard in this country became con- 
taminated with radioactive materials as a result of the 
paper salvage program. Paper and cardboard, salvaged 
from war plants where radium instrument dials were 
prepared, became mixed with general paper stocks and 


* Communication No. 1253. 


as a result, specks of radioactive material could be 
found sporadically distributed in almost any type of 
packaging paper. Although the amount of material 
of this sort was very small, nevertheless it was sufficient 
to cause fogged spots on film left in intimate contact 
with it for a period of several weeks. Radioactive con- 
taminants of this type were discovered immediately 
upon their appearance and the source and nature of 
these contaminants recognized. Alpha-count measure- 
ments of radon emanation from such contaminants 
identified them with radium paint originating from the 
greatly expanded radium-dial production of the war 
period. As a result of this trouble with radium con- 
taminants, it was essential in the photographic in- 
dustry to obtain a new and uncontaminated source of 
material for packaging sensitive goods. The Eastman 
Kodak Company found it necessary to select a mill and 
to control carefully the raw materials when its orders 
were produced. One of the mills selected for this 
purpose was located at Vincennes, Indiana, which is 
situated in southern Indiana on the Wabash River. 
Strawboard from this mill was used by the Eastman 
Kodak Company as interleaving stiffener board be- 
tween sheets of film. Strawboard procured in this way 
was completely satisfactory for a period extending over 
many months. However, a run of strawboard produced 
on August 6, 1945, showed a new type of radioactive 
contaminant not hitherto encountered. 

Effects: of this new type of radioactive contaminant 
were first observed on film which had been packed in 
contact with the stiffener strawboard. When a piece of 
double-coated x-ray film, which had been in contact 
with a piece of the strawboard for a period of three 
weeks, was developed, the film showed many small 
exposed areas. These exposed areas ranged in number 
from ten to several hundred on a piece of film 14 by 17 
inches in size. The exposed areas were of the order of 
1-millimeter diameter and were quite dark when de- 
veloped. In many cases, the radiation had passed 
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TABLE I. 
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Vincennes strawboard (August 6 run) 




















Beta- 

Description of Beta- oan 

Date Counter sample count Time hour 

Oct. 11 (A) 200 Bad Spots 310 30min. 620 

200 Bad Spots 233 = 30 min. 466 

Background 223 30 min. 446 

Oct. 20 (B1) 350 Bad Spots 160 1min. 9600 

Background 80 1min. 4800 

Oct. 24 (A) 300 Bad Spots 450 30min. 900 

300 Good Spots 294 30min. 588 

Background 238 = 30 min. 476 

Oct. 29 (A) 600 Bad Spots 580 30min. 1160 

600 Good Spots 280 30min. 560 

Background 260 30min. 520 

Nov.6 (A) 600 Bad Spots thr. 1205 

600 Good Spots 1 hr. 760 

Background 1 hr. 700 

Tama strawboard (September run) 

Nov. 6 (A) 500 Bad Spots 1 hr. 1224 

600 Good Spots 1 hr. 760 

Background 1 hr. 604 

TABLE II. Calibration of Bad-Spot Samples with 
Uranium Acetate Samples. 
Gross Beta-activity 

Date Description of sample weight (A) (B1) 
Oct. 30 400u g U acetate+silica 0.274g 1062/hr. 157/min. 
300 Bad Spots 0.274g 1014/hr. 154/min. 

(Vincennes) 

Background 488/hr. 86/min. 








through several layers of film and cardboard, indicating 
a penetrating radiation. 

The usual type of tests that had been used previously 
to analyze radioactive contaminants showed conclu- 
sively that the new radioactive contaminant was not 
radium; it was therefore necessary to devise new meth- 
ods of analysis for it. In order to obtain sufficient con- 
centration of the radioactive contaminants for direct 
study by physical instruments, it was necessary to 
concentrate the active material from the strawboard. 
To accomplish this, a technique was adopted of punch- 
ing out small circular areas of the strawboard which 
lay directly behind the exposed areas on the film. By 
cutting out hundreds of these spots from the straw- 
board, samples were obtained having a much higher 
concentration of the radioactive contaminants. These 
batches of strawboard spots were then ashed by heating 
in a porcelain crucible at a temperature of 900°C to 
reduce further the bulk of material to be dealt with. 
Using material prepared in this manner, measurements 
of beta-activity and alpha-activity were carried out. 
All samples of ashed strawboard corresponding to the 
exposed spots on the film showed a fairly strong beta- 
activity, easily measurable above the background, 
while samples of ashed strawboard not corresponding 
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to spots on the film showed practically no beta-activity. 
Samples of ashed materials measured for alpha-activity 
gave no detectable effect above the background. These 
results strongly indicated that the new type of radio- 
active contaminant encountered was not one of the 
naturally radioactive elements—uranium, thorium, or 
actinium—since all of these elements emit alpha-rays 
in addition to the beta-rays. One other possible source 
of the radiation considered was potassium, which is a 
naturally radioactive element giving only beta-rays. 
However, potassium was ruled out on the basis that 
the large amounts of this material required to produce 
the, observed beta-activity could .be detected readily 
by chemical analysis. In order to rule out the possi- 
bility that alpha-radiation due to naturally radioactive 
elements was present but below the measurable limit, a 
synthetic sample of uranium acetate in inert powder 
was made up to match in total weight and beta-activity 
a sample of the contaminated ashed strawboard, and 
measured for alpha-activity. This synthetic sample gave 
easily measurable alpha-activity. 

Measurements of the penetrating power of the beta- 
rays showed that about 0.2 g/cm? of aluminum was 
required to stop the highest energy beta-particles. 
The half-life period of decay of the contaminant was 
measured photographically between October and De- 
cember, 1945, and was found to be of the order of 30 
days though the decay curve was not truly exponential. 
Strawboard made in August, 1945, at Vincennes, In- 
diana, that had shown strong activity initially had 
dropped to a point of considerably less activity photo- 
graphically by January, 1946. However, exposure of 
film to this strawboard for two months still gave strong 
effects at this time. 

In September, 1945, production of similar straw- 
board was commenced at a mill in Tama, Iowa, located 
on the Iowa River. Strawboard made at this mill also 
was found to exhibit the same type of radioactive 
contaminant as that found in the strawboard manu- 
factured at Vincennes, Indiana. This mill is situated 
several hundred miles away from the Indiana mill and 
derives its water from a different watershed. 


EXPERIMENTAL RESULTS 
Beta- and Alpha-Activity 


The experimental results obtained during the study 
of this problem are presented in the Tables I to VI. 
The samples of strawboard spots used for the activity 
measurements are designated, respectively, as “bad 
spots” and “good spots.” A bad spot consists of a 3's-inch 
diameter area punched out of the strawboard at a point 
directly behind a fogged spot on an adjacent piece of 
film. A good spot corresponds to a similar circular area 
punched out of the strawboard at a point between 
fogged spots on the film. In all cases, the spots of 
strawboard were ashed before measurements of ac- 
tivity were carried out. 








FOGGING OF PHOTOGRAPHIC FILM 


The measurements of beta-activity were made with 
two different Geiger counter tubes. The first tube (A) 
was small in volume and had low sensitivity, as indi- 
cated by the low backgrourd count of about 8-10 
counts per minute. This tube and its associated scale- 
of-2 circuit were far from elegant, but gave fairly con- 
sistent readings. The second tube (B) was a large 
volume tube, highly sensitive, and when unshielded 
gave a background count of about 80 counts per minute. 
When this tube was shielded with lead, its background 
count dropped to about 30 counts per minute. When 
unshielded, it is referred to as (B1), and when shielded, 
as (B2). The tube B, with its associated scaling circuit, 
was kindly placed at the writer’s disposal by Dr. 
William Bale, of the University of Rochester Medical 
School, and measurements were made on these in- 
struments with the co-operation of Dr. Bale, who was 
consulted frequently on this problem. 

The alpha-counts on the samples were made on an 
air chamber alpha-counter which was also furnished 
by Dr. Bale. This alpha-counter was connected to a 
scaling circuit for recording counts, but the counts 
were also observed visually on the screen of a cathode- 
ray oscillograph in all cases to make sure there was one- 
to-one correspondence between alpha-counts and reg- 
istered pulses. 

Table I shows beta-counts made on a number of 
different samples of ashed spots selected from different 
samples of the contaminated strawboard. The first 
five samples were from strawboard manufactured at 
Vincennes, Indiana, and the sixth sample was from 
strawboard made at Tama, Iowa. It may be seen that 
measurements showed slightly higher than background 
activity for good spots, and an activity of about 
double background for the bad-spot samples. Also, it 
should be noted that the beta-activity of the Tama 
strawboard was about the same as that of the Vin- 
cennes strawboard. 

Table II shows the results of calibration measure- 
ments of beta-activity of Vincennes strawboard spots 
against beta-activity of uranium acetate dispersed in 
silica powder. In order to determine the approximate 
amount of uranium acetate necessary to give the same 
beta-activity as a sample of 300 bad spots of straw- 
board, trial and error mixtures of uranium acetate with 
inert silica powder were made up and tested until a 
sample was obtained having the same gross weight and 
beta-activity as the sample of ashed spots. As may be 
seen, a mixture of silica powder and uranium acetate 
was obtained whose weight (0.274 gram) and beta- 
activity were closely the same as those of the compari- 
son sample of ashed strawboard spots, this comparison 
sample of known radioactivity having about the same 
self-absorption characteristics as that of the ashed 
strawboard spots. This was necessary for alpha-particle 
measurements where it was feared that self-absorption 
might cut down the alpha-particle emission strongly. 


TABLE III. Photographic alpha-count. 








Relative Relative no. of 


Description of sample count alpha-tracks 


0.2 g U acetate+silica 1 16.1 
0.2 g Bad-Spot Ash 1 2.3 
0.2 g Good-Spot Ash —_ 1 
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Alpha-Activity (Vincennes) 


e - 
Gross count Alpha- 


Date weight B-1 count 


Oct. 30 400u g U acetate+silica 0.274g 157/min. 14.3/min. 
Bad Spots 0.274g 154/min. 1.6 
Background = 86/min. 2.3 


Alpha-Activity (Tama) 


Gross 
weight 


~1g  84.5/min. 


~1g 87.1/min. 1.5 
30.5 1.3 


Description of sample 








Beta- 
count Alpha- 
B-2 count 


4.6/min. 


Date 


Nov. 26 400u g U acetate+0.8 g 
Inert Strawboard Ash 

500 Bad Spots 
Background aoa 


Description of, sample 











TABLE V. Activity of Vincennes and Tama strawboards. 








Beta- 
count 
(B-2) 


Nov.7 400ug U acetate+silica 0.274g 385/Smin. 60/5 min. 
Tama Bad Spots 0.1747 237 3 
Vincennes Bad Spots 0.1747 183 6 
Background _— 128 + 


Alpha- 
count 


Gross 


Date Description of sample weight 











With samples of the same weight and beta-activity, 
it was felt that alpha-measurements from the two 
samples would give strictly comparable values of 
emission of alpha-particles from the two types of 
materials. 

Tables III, IV, and V give data on the measure- 
ments of alpha-activity from the ashed strawboard 
spots. Table III shows results obtained by a photo- 
graphic method carried out by Dr. W. West of these 
Laboratories. Dr. West made up equal weight samples 
of uranium acetate and silica powder, bad-spot ash, and 
good-spot ash. Here again the sample of uranium and 
the sample of bad-spot ash were adjusted to equal beta- 
activity. For measurement of alpha-activity, these sam- 
ples were placed in contact with one of the Eastman 
nuclear-track plates and left for a sufficient time to give 
a measurable number of alpha-tracks from the uranium 
sample. Tracks per unit area obtained from the three 
comparison samples were counted and the relative num- 
bers are shown in Table III. It may be seen that the 
alpha-activity of the uranium sample (of equal beta- 
activity) was seven times as strong as that of the bad- 
spot sample. While the alpha-activity of the bad-spot 
sample is about twice that of the good-spot sample, the 
statistical error here was such that this value has only 
slight significance and the only conclusion to be drawn 
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TABLE VI. Beta-count of residue from gallon batches 
of Wabash River water. 








Description of 
Time of count 





Date sample 
Nov. 2 (1) Residue 10 min. 12.1/min. 
Background 10 min. 11.4/min. 
Nov. 2 (2) Residue 30 min. 12.1 
Background 30 min. 11.0 
(3) Ashed Residue 30 min. 11.6 
Background 30 min. 11.2 








is that the two samples had approximately equal activ- 
ity. 

Table IV gives the beta- and alpha-counts made with 
electrical pulse counters on Vincennes and Tama bad 
spots versus the synthetic uranium acetate samples. 
In the first part of Table IV, the beta- and alpha-counts 
of a uranium-plus-silica sample are compared with 
the counts from the ash of 300 bad spots of Vincennes 
strawboard of the same weight. In the second part of 
Table IV, the beta- and alpha-counts of a uranium 
acetate plus inert strawboard ash are compared with 
the counts from the ash of 500 bad spots of Tama straw- 
board. In both cases, it is seen that, whereas the beta- 
activities of the synthetic and bad-spot samples are 
closely equal, the alpha-particle count for the synthetic 
samples of uranium acetate are much higher, being 
well above the limit of experimental error. In fact, the 
alpha-count from bad-spot ash was in no case found to 
be measurably above background. These results are 
considered to be strong evidence for the fact that the 
radioactive contaminant in the strawboard was not 
one of the naturally radioactive elements, such as Ra, 
Th, or Ac, all of which are alpha-emitters. 

Table V shows beta- and alpha-counts made for 
different samples of Tama and Vincennes bad-spot ash 
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Fic. 1. Absorption measurements on beta-radiation by alumi- 
num absorption and Geiger tube measurements for 600 bad spots 
of Vincennes strawboard. 
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compared with similar counts for the uranium acetate- 
plus-silica samples. While the gross weights of these 
samples are not equal, nevertheless, qualitatively it 
may be seen that the alpha-activity of the bad-spot 
ash is not significantly above the background, whereas 
the alpha-activity of the uranium sample of comparable 
beta-activity is well measurable above the back- 
ground. 

Table VI gives results of beta-activity on samples of 
residue from one-gallon batches of Wabash River water 
and it may be seen that the counts here are not sig- 
nificantly above the background, though in every case 
the residue count was slightly higher than background. 
It is felt that this method of testing the water was too 
insensitive for picking up the radioactive material. 
On the other hand, when the river water was filtered 
through the strawboard during manufacture, materia] 
particles to which the active material was adsorbed, 
were filtered out, thereby giving active specks in the 
strawboard which could and did exert a photographic 
effect on film held in contact with the speck for several 
weeks. This constituted a very sensitive method for 
detecting active specks of material. Photographic 
registration of the specks made it possible to punch 
out active spots of cardboard and thereby effect a 
further multifold concentration of the material for 
study by electrical means. 


Energy of Beta-Radiation 


Measurement of the penetrating power of the beta- 
radiation was carried out by the method of aluminum 
absorption and Geiger-counter registration. In Fig. 1 
are shown measurements made on a sample of ash from 
600 bad spots of the Vincennes strawboard. The activity 
of the contaminant had died down to some extent by 
the time these measurements were made, which accounts 
for the low readings. The values plotted in Fig. 1 are 
beta-counts per ten minutes above the cosmic-ray 
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Fic. 2. Calibration characteristic curve for x-ray film 
exposed to beta-rays of uranium. 
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background. The abscissa values are given in terms of 
grams per square centimeter of aluminum. From these 
measurements it was apparent that there was a low 
gamma-ray background from the contaminant that was 
not stopped by a considerable thickness of aluminum. 
It may be seen that the toe of the curve, corresponding 
to the highest-energy beta-particles, falls at approxi- 
mately 0.2 gram per square centimeter. This gives a 
maximum energy value of the beta-radiation of about 
0.6 Mev. 


Half-Life of Beta-Activity 


The half-life of the beta-activity was measured 
by photographic methods. In brief, the method con- 
sisted in selecting a large piece of cardboard containing 
several strongly active specks of the contaminant, and 
exposing a piece of x-ray film to these specks for succes- 
sive two-week periods over a total time of about two 
months. Photographic densities produced by these suc- 
cessive exposures showed a steady decline. By compar- 
ing the successive densities obtained in a characteristic 
exposure curve, such as that shown in Fig. 2, for beta- 
particle exposure, it was possible to read from the ab- 
scissa values the declining intensity values of the ex- 
posing radiations with time. These intensity values, 
plotted as a function of time, are shown by the experi- 
mental points in Fig. 3. A smooth curve drawn through 
these points shows an average half-life decay period of 
approximately thirty days. 


DISCUSSION OF RESULTS 


The experimental results obtained seem to show 
definitely that the radioactive contaminant encountered 
gives beta- and some gamma-radiation but no alpha- 
activity, indicating an artificially radioactive material. 
The large amount of material that must have been in- 
volved to show up over a period of several months in 
the water supply for the strawboard mill would seem to 
rule out the possibility that the material came from a 
moderate source of radioactive materials, such as a 


‘cyclotron. A check on possible sources of contamination 


of the river water from such nuclear laboratory by- 
products disclosed no such means of contamination. 
It was established that the contaminant was not carried 
by the straw going into the strawboard, since a run of 
strawboard made using straw. that had not been in the 
field, but stored in warehouses for a considerable time 
prior to the trouble, showed the radioactive con- 
taminant. Further evidence that the active material 
came from the river water was indicated by the fact 
that following each heavy precipitation in this locality, 
stronger activity occurred in the strawboard. This was 
attributed to the material being washed into the river 
water during heavy precipitation periods. 

The most likely explanation of the source of this 
radioactive contaminant appears to be that it consisted 
of wind-borne radioactive fission products derived from 
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Fic. 3. Decay curve of beta-radiation from radioactive contami- 
nant in strawboard (Vincennes, August 6, run). 


the atom-bomb detonation in New Mexico on July 16, 
1945. The evidence that the material was an artificially 
radioactive isotope, the occurrence of the same unusual 
type of contaminant in strawboard manufactured in 
two widely separated areas (Vincennes, Indiana, and 
Tama, Iowa) at the same time, and the timing of the 
appearance of this material immediately following the 


. bomb detonation, are thought to lend strong support 


to the above tentative explanation. It is readily con- 
ceivable that radioactive atoms projected into the 
stratosphere, and carried by winds, could collect on dust 
particles and be brought down by precipitation and be 
washed into streams. It is well known that dust pro- 
jected into the stratosphere from volcanic explosions 
has been scattered over wide areas in this way. The 
radioactive contaminants could have found their way 
into the products of the strawboard mills either by 
settling on the straw in the fields or through the river 
water used by the mills in the manufacture of the 
strawboard. Of these two possibilities, the latter seems 
to be much the more likely, since strawboard made from 
straw that was not in the field at the time of the ex- 
plosion but stored indoors showed the contamination. 

The measurements of the energy and half-life of the 
beta-particle radiation of the radioactive contaminant 
in the strawboard were found to be 0.6 Mev and thirty 
days, respectively. These values correspond closely to 
those for the radioactive isotope, Ce 141, which is one 
of the more prolific fission products of the atom bomb. 

A simple calculation shows that if 50 grams of Ce 141 
were formed in an atomic explosion, there would be ap- 
proximately 2.210% atoms. Since the area of the 
United States is about 7.5X 10'* sq. mm, there would be 
about 0.3X105 atoms for every square millimeter. 
Allowing for some local concentrations of these atoms 
such as that occurring under the circumstances sur- 
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rounding the manufacture of strawboard from river 
water, this number could be increased severalfold. The 
sensitivity of x-ray film is such that 10° beta-particles 
per square millimeter is just sufficient to produce a 
visible density. Therefore, it would appear readily 
possible from a theoretical standpoint for short-life 
fission products from the bomb to produce the photo- 
graphic effects described above. 

After carrying ,out the physical study just described 
of the radiations from the radioactive contaminants, a 
limited amount of radiochemical analysis was carried 
out to see if it were possible to follow by tracer tech- 
niques the chemical nature of the contaminant. These 
experiments were carried out by Mr. A. E. Ballard, 
of these laboratories. Enough work was done to show 
that the active material was probably one of the rare 
earth series. However, because of the small amount of 
material in the sample and because of the limited equip- 
ment available for such experiments at the time, a com- 
plete analytical determination of the radioactive isotope 
was not possible. 

It is realized by the author that the measurements 
carried out in the study are not so complete nor so 
accurate as might be desired. However, the work was 
carried out hurriedly, and somewhat blindly at first, 
when it was important to get quick survey measure- 
ments. By the time sufficient knowledge was gained to 
make it possible to conduct the experiments more 
intelligently, the activity had died down to a consider- 
able extent. In spite of this fact, however, it is thought 
that the results obtained are sufficiently good and of 
enough general interest to physicists to warrant their 
publication. 

In conclusion, it is to be emphasized that the amounts 
of material considered throughout the discussion are 
exceedingly small and were observed only because of an 
accidental set of circumstances that proved particu- 
larly favorable for the detection of the contaminating 
substances. The river water carrying the substances was 
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derived from a large area and specks of dust were 
filtered out of this water onto strawboard during pas- 
sage of large quantities of water through the straw- 
board pulp. Photographic film placed in contact with 
this board for a period of weeks registered the radiation 
from the concentrated specks of the contaminant. The 
specific location of the radioactive specks through 
photographic registration made it possible to obtain 
large numbers of strawboard spots containing active 
specks and thereby to increase the concentration 
further. By ashing down these strawboard spots, the 
active material was concentrated sufficiently to make 
direct study possible. 
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The space charge equation is solved for any initial velocity which is the same for all electrons and for any 
realizable current, for (a) the plane diode, (b) the cylindrical diode. For the plane diode it is shown that all 


cases can be obtained from a single pair of master curves. For the cylindrical diode a series valid for large 
distances from the axis is obtained first, the form of which shows that the complete group of solutions form a 
bounded set. Next three solutions valid for small distances from the axis are obtained by means of which the 
first set of solutions can be extended. In addition to master curves representing these solutions, curves are 


plotted for special values of the initial velocity and current. 





N a recent paper’ the authors presented a new solu- 
tion of the space charge equation for the cylindrical 
diode which converges better the larger the ratio of the 
distance r from the axis of the diode to the radius a 
of the cathode. The solution was limited, however, to 
the case of saturation current and negligible initial 
velocity. 

The present paper extends the solution to the case of 
any realizable current and any radial initial velocity u 
which is the same for all the ions (electrons). This 
initial velocity may be that of emission from a hot 
cathode, or the velocity with which the electrons pass 
through a screen or grid coaxial with the cathode after 
having been accelerated. The analysis is restricted to 
the case where all the ions at any one point are moving 
in the same direction. 

Previous consideration has been given to this prob- 
lem by several authors. Of these Crank, Hartree, Ing- 
ham, and Sloane? have presented the most extensive 
treatment. They employed mechanical integration by 
means of a differential analyzer and obtained portions 
of some of the complete set of curves for which ana- 
lytical formulas are developed in the present paper. 

Although the solution of the space charge equation 
for the plane diode, consisting of two parallel plane 
electrodes from one of which ions are emitted, has been 
given by others’ for the case of arbitrary initial velocity 
and arbitrary current, we shall preface our discussion of 
the cylindrical diode, composed of coaxial cylindrical 
electrodes from the inner of which ions are emitted, by a 
brief treatment of the plane diode. This is undertaken 
for the purpose of making the theory of the cylindrical 
diode more easily comprehensible by putting the sim- 
pler solution for the plane diode in a form analogous to 
that found most convenient for the cylindrical diode, 
and also of pointing out the fact, apparently overlooked 
by previous writers, that all the curves showing the 
potential as a function of distance from the emitting 
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Salzberg and A. V. Haeff, RCA Rev. I, 336 (1937-8) ; Fry, Samuel 
and Shockley, Bell Sys. Tech. J. 17, 49 (1938). 
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electrode, are obtainable from a single pair of master 
curves. 


THE PLANE DIODE 


Let x be the distance measured perpendicular to the 
parallel planes of the electrodes, u the initial velocity of 
the ions emerging normally from the electrode specified 
by the smaller value of x, V the excess of the potential 
at any point over that of the emitting electrode, p the 
charge density, 7 the current density and e/m the ratio 
of charge to mass of the ions. Then, in Heaviside- 
Lorentz units, 


¥2= — (2e/m)V +2, (1) 
#V/dx2=—p, (2) 
j= wh. (3) 
Eliminating p and #, and putting 
x= (m/2ej)*{ — (2e/m) V+}, (4) 
we find that x satisfies the differential equation 

Px/dP= x, (5) 

of which the first integral is | 
dx/dx=2{xi+C}}. (6) 


Evidently dx/dx is proportional to the accelerating 
field. Since x} is essentially positive, the electric field 
can become zero and change sign only when the con- 
stant C is zero or negative. The curve we obtain by 
making C=O we shall call the limiting curve. It repre- 
sents saturation current for the case of zero initial 
velocity. 

Integrating a second time we have 


x!—3Cx+4C*= (9/4) 2?, 


where we have made the second constant of integration 
zero by suitably choosing the position of the origin of «. 
Finally we solve this cubic in x}, putting 


k=8C2/922, 


x! = (2m/9ejx?)*{ — (2e/m)V+u7}3 © 
ao ; 
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This gives 
1 
Yaa [eH (1- b+ (1-24) 


+{1—k—(1—2k)4} 4], R<4; 


(2k—1)! 
W= (k/2)'[1+2 cos(6/3) ], tand= — 


(8) 








k24.J 


When k-0, due either to C0 or x0, Y—1. Thus, 
for the limiting curve, Y=1. Note that both k and Vv 
are dimensionless ratios. 

Actually we are not interested in WV but in the 
effective potential 


rere(Z)-()( er 0 


If we ore +|k|4=g/x, where we choose the upper sign 
when & is positive and the lower when & is negative so 
that g has the same sign as C, 


9ej V\? 
w= (=) (eG) 

ki 
Consequently, if we plot (W/k*)? against 1/|k|*=x/| g|, 
we have a pair of master curves, one for positive k and 
the other for negative k, from which all possible poten- 
tial curves can be obtained by multiplying the ordinates 


by 


(10) 


(9¢j/2m)*(—m/2e)g*" 


and the abscissas by |g]. 

The curves on Fig. 1 are specified in terms of the 
values of the constant g, the one marked 0 being the 
limiting curve. The master curve for positive & is that 
for which g=1 and the master curve for negative k 
that for which g= —1. 
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Fic. 1. Generalized potential curves for plane diodes. 


PAGE AND N. 


I. ADAMS, JR. 


Since 


d/dee(x4/**) = (2m/9ej)*(—2e/m)dV/dx, (11) 


the electric field at any point is proportional to the 
slope of the curve. 

Consider first the emission of ions with zero initial 
velocity. If ions are emitted in unlimited numbers, the 
potential as a function of x is given by the portion of 
the limiting curve 0 extending from the origin to the 
right. On the other hand, if saturation conditions do not 
exist, the potential is given by one of the curves with 
positive g, the distance from the emitting electrode being 
that from the intercept of the curve with the axis of 
abscissas. In the first case the field at the emitting 
electrode is zero, but in the latter case an accelerating 
field is present. 

Next consider the general case in which the distance 
xp—xXa between the emitting electrode A and the col- 
lecting electrode B and the effective potentials W4 and 
Ws at the two electrodes are given, as well as the 
current density 7. From (9) we calculate the value of 
x*/3%? at each electrode and then cut a card (Fig. 1) 
so that the distance AB is equal to xs—x, and the 
ordinates AC and BD are equal to the values of 2*/*W? 
at the electrodes A and B respectively. Sliding the card 
along the axis of abscissas, keeping AB on this axis, 
we find a curve (such as the curve } in Fig. 1) which 
passes through the two points C and D. This curve 
specifies the distribution of potential between the two 
electrodes. If no curve passes through C and D, the 
current density 7 has been taken too large for realiza- 
tion. If C and D lie on the limiting curve 0 on opposite 
sides of the origin, a virtual cathode is present at the 
origin, whereas if they lie on a curve of negative k on 
opposite sides of the origin, a decelerating field exists 
in the neighborhood of the emitting electrode and the 
potential passes through a minimum in the region be- 
tween the electrodes. 


THE CYLINDRICAL DIODE 


Here we have two coaxial cylindrical electrodes of 
radii @ and b (b>a), the inner of which emits ions 
(electrons) with the radial velocity u. The inner elec- 
trode may be a screen or grid through which electrons 
pass with velocity u, of course, instead of an actual 
electrode. Let r be the distance from the common axis 
of the electrodes and j; the current per unit length. 
Then, if the remaining symbols have the same sig- 
nificance as in the previous case, we have, in Heaviside- 
Lorentz units, 


P= — (2e/m)V+2, (12) 
1d/dV 
-—(r-) =~», (13) 
rdr\ dr 
ji=2aprr. (14) 
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Eliminating p and 7, and putting‘ 
W?= (4rm/9ejir)*{ — (2e/m)V +47}, 
= § log(r/a), 


mu? Vejia\if my /rri 
re(-2)-(2)(DO 
2e 4am 2e a 
we find that W satisfies the non-linear differential 
equation 


+ (15) 








Wd? /d2?(W?) + 2d/d2(W?) + ¥? ]=1. (16) 


Since z does not appear explicitly in this equation, V 
must be a function of z+a, where a is an arbitrary 
constant. 

First we look for solutions of (16) which are valid for 
large z, then for solutions which are valid for small z. 
The first we shall refer to as “far” formulas, the second 
as “near” formulas. 


FAR FORMULA 


Clearly Y=1 is a solution of (16). Hence we suspect 
a solution of the form 


W=1+ (E+) + (Goof+ a11n+ Goon”) 
+ (as08*+ deié?n+ ai2én?+ dosy®)+ ---. 


By substituting in (16) we find that a real solution of 
this form exists provided 


é=exp{—[(z+a’)+i(2)-“*(2+a”) ]} 


and 7 is the complex conjugate of &. 

The coefficients of the first six terms (in addition to 
the term unity) of this solution were calculated. The 
first five of these were obtained in fractional form and 
verified by substituting back in the differential equa- 
tion. While the sixth term was calculated only in 
decimal form, it was checked by independent recalcula- 
tion. The solution can best be expressed in terms of 


o=(2)-K(e+a”), c=expl[—(zt+a’)]. (17) 
Then 


V=1+<¢[2.00000 cos¢ ]+c?[ — 1.09091 cos2¢ 
—0.51426 sin2¢ ] 
+c[1.00000 cos3¢+0.82496 sin3o 
+0.22727 cos#+0.93210 sing } 
+c[— 1.06618 cos4@— 1.35505 sin4dg 
— 0.41786 cos2¢— 2.11568 sin2¢—0.00957 ] 
+c*[1.14794 cos5¢+ 2.29087 sinS¢ 
+0.33420 cos3@+ 4.34538 sin3@ 
— 0.02034 cosé+ 1.94913 sing ] 
+c[— 1.07982 cos6¢— 3.93115 sin6p 
+0.60929 cos4¢— 8.65663 sin4dd 
+0.89535 cos2@— 6.43121 sin2@ 
— 0.03878] 


eee, (18) 


‘The function ¥ used here is the cube root of the function g 
used in reference 1, 
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7/8, 15"/8 1.84776 -—0.40775 -+0.52620 


TABLE I. Values of the coefficients a1, a2, etc. 








¢ a a2 a3 a as a 


0,7 2.00000 —1.09091 +1.22727 —1.49361 =+1.46180 0.38605 
«/8, 9r/8 +%+1.84776 —1.13503 +1.71152 —3.15611 +6.54679 —14.62605 
m/4, 5e/4 +1.41421 —0.51426 +0.69603 —1.05907 +1.76859 —3.14813 
3x/8, 11e/8 +0.76537 0.40775 + =F0.29146 0.14494 +0.00518 —0.10611 
«/2, 3/2 0.00000 1.09091 +0.10714 —0.65789 0.10538 0.75498 
54/8, 1384/8 0.76537 1.13503 +1.38235 0.42687 =F1.48285 —2.76477 
34/4, 74/4 1.41421 0.51426 +1.78883 3.17229 -+3.89341 1.85198 
2.54602 +7.20718 





17.34181 








This is a complete solution since it contains the two 
independent constants a’ and a”. Since it is periodic in 
¢, we see that the solutions form a bounded set. We have 
computed the function ¥ for values of ¢ equal to the 
first sixteen positive integral multiples of 1/8. If we 
designate the coefficient of ¢ by a, that of c? by ae, and 
so on, we obtain Table I, where, in each row, the upper 
sign goes with the first value of ¢ and the lower sign 
with the second. 

Since the position of the origin of z is immaterial, 
we may, without any loss of generality, keep the con- 
stant a’ in (17) fixed in plotting curves showing W? as a 
function of z, increasing a” by (2)!r/8=0.55536 in 
passing from one curve to the next of higher ordinal 
number, so that when ¢ has increased by 27 we will 
have come back to the curve with which we started. 
In Fig. 2 we have made a’=1.11072 and numbered the 
curves so that a’’=N(2)!x/8, where N is the ordinal 
number of the curve. Under these circumstances, even 
though the series converge less rapidly the smaller z, 
the convergence is sufficiently good to give an accuracy 
of one percent for most of the curves at z=0. Hence, 
if we can obtain a near formula which converges satis- 
factorily for negative values of z, we can use it to extend 
into this region the curves given for positive values of z 
by the far formula. The near formula, must, of course, 
be a complete solution of (16), containing the two inde- 
pendent arbitrary constants necessary to enable us to 
fit both the function and its derivative. Actually, it has 
not been found possible to obtain a single near formula 
which converges sufficiently well to enable us to extend 
by means of it all of the sixteen curves obtained from the 
far formula. On the contrary, it has been found neces- 
sary to develop three different near formulas. Before 
discussing them, however, we shall give the formula 
for the limiting curve which represents the saturation 
current for zero initial velocity. 


LIMITING CURVE 


The limiting curve representing saturation current 
for zero initial velocity has been discussed in reference 1. 
In terms of our present more convenient notation, it 
is specified for small and moderate values of z by the 
near formula 
W= (1.5z)#[1—0.400,0002+-0.097, 5002? 

—0,015,2122*+-0.001,799z‘— 0.000, 18425 
+0.000,0142+---]. (19) 
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Fic. 2. Complete solution of 
space charge equation for 
cylindrical diode. 
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To fit this curve the constants in the far formula 
must be given the values 


$=40°.5142z+202°.83, «’=1.12086, (20) 


so that 


v=1+¢-[0- 65200 cos ]—e~?4[0.11594 cos2¢ 
+-0.05465 sin26] 
+e *4[ 0.03465 cos3@+0.02858 sin3o 
+0.00787 cos@+0.03229 sing ] 
— e~*[0.01204 cos4¢+0.01530 sin4d 
+0.00472 cos26+0.02390 sin2¢+0.00011 ] 
+e-*[0.00423 cos5é+0.00844 sin5¢ 
+0.00123 cos3@+0.01600 sin3d 
— 0.00007 cos#-+0.00718 sing] 
—e*[ 0.00130 cos6¢+0.00472 sin6¢ 
— 0.00073 cos4¢-+0.01039 sin4d 
— 0.00107 cos26+0.00772 sin2¢+0.00005 ] 
pines; (21) 


The following values show how good the fit is and how 
well the series is converging: 








From Near Formula (19) From Far Formula (21) 





s Vv d¥/dz Vv dv/dz 
0.55536 0.7131 0.7132 
1.11072 0.9242 0.2299 0.9242 0.2299 
1.66608 1.0049 1.0048 














NEAR FORMULA I 


The most obvious near formula for curves other than 
the limiting curve is a simple power series in z of the 
form 


V= A[1+4;(2—a)+a2(z— a)*+43(z—a)®-+- +--+], (22) 


where a@ is the value of z at which the curve described 
by this formula is to be fitted to the specified curve 
described by the far formula. Evidently A is the value 
of the function and Aa, the value of its derivative at 
t= a. 

As might be expected, a power series formula does not 
converge satisfactorily in regions where WV is small 
compared with unity, but is very satisfactory where V 
is the order of magnitude of unity or greater. It was 
used to extend curves 15, 0, 1, 2, 3, 4, 5, 6. In some cases 
the fit was secured from the values of the function and 


TABLE II. Values of the coefficients for the curves 











specified above. 

Curve a@ A a a2 a3 a% a5 a6 
15 0.5554 1.8458 —0.2492 0.0708 —0.0002 —0.0023 
0 0.5554 1.3171 —0.2854 0.1041 —0.0089 —0.0012 

0.5554 1.2525 —0.3083 0.1381 —0.0167 —0.0015 
2 ~=0.5554 1.1574 —0.3139 0.1759 —0.0257 —0.0039 
3 0.0000 1.2875 —0.4651 0.2241 —0.0216 —0.0001 
4 0.0000 1.115  —0.5014 0.3016 —0.0207 —0.0078 
5 0.0000 0.916 0.5240 0.4620 —0.0133 —0.0461 —0.0429 0.0041 
6 0.0000 0.709 —0.5925 0.8684 0.0559 —0.2621 —0.2756 0.0912 
6 ; —0.9160 0.4249 0.0599 ‘ 
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its derivative at one point, in others from the values of 
the function at two nearby points, and in the case of 
curve 6 it was necessary to fit twice, using two different 
values of a. The coefficients for the curves specified 
above are given in Table II. 

The accuracy is least, of course, for curve 6. To give 
an indication of the goodness of the fit, and also of the 
convergence of the series used, we note the following 
values for curve 2: 











W from (22) W from (18) 
z Near Formula Far Formula 
0.0000 1.427 1.425 
0.5554 1.1574 1.1574 
1.1107 1.0130 1.0129 
1.6661 0.9575 0.9571 








NEAR FORMULA II 


For curves near the limiting curve representing 
saturation for zero initial velocity, it should be possible 
to develop a solution in the form of a power series in a 
parameter , which reduces to (19) when y becomes 
zero. After some labor“the following near solution was 
found. Let 

9 (z—a)? 


+ 





» w=(6—2){(6—2)?—-3}. (23) 


Then 


v= yL{wt/9+ 1+-y/9— (1/9)w-17/9 
+ (1/9) w-9/9-4 - - +} 
—1.5(z— a) {0.26667w!/9+-0.53333 
+0.80000w-!/9— 0.53333w-5/9-+0.53333w-7/9 
—0.53333w-"/9-+.0,53333w-3/9+ -- +} 
+2.25(2—a)?{0.04333w!/9+0.11651 
+0.22222w-/9+-0.01873w-2/9+-0.17302w-4/9 
—0.40029w-5/9+4-... } 
— 3.375(z—«a)*{0.00451w!/9+-0.01469 
+0.0337 1 !/9—0,00853w-2/9 
+0.00748w-8/9+ ---} 
+5.0625(z—a)*{0.00036w"/®+-0.00139 
+0.00375w1/9+ - ++} 
—7.5938(z—)5{0.000,024w"/9 
+0.000,110+- ++} 
+11.391(z— a)®{0.000,001w!/9+ -- -} 
e+e), 


This formula was used to extend curves 7, 8, 9. The 
fitting of the near formula to a specified curve described 
by the far formula was extremely laborious, since the 
only feasible method was to fit the one curve to the 
other at two points by trial and error. The following 
are the values found for the constants @ and y: 


(24) 











Curve a Y 
7 0.018 — 0.450 © 
8 0.010 —0.250 


9 




































TABLE III. Values of the coefficients in Eq. (30). 








y B bi be bs bg bs be br bs 


0.05 0.1357 0.6279 —0.3450 0.3095 —0.3316 0.3905 —0.4879 

0.10 0.2154 0.5926 —0.3062 0.2588 —0.2616 0.2903 —0.3417 0.4193 —0.5298 
0.20 0.3420 0.5255 —0.2416 0.1814 —6.1626 0.1603 —0.1676 0.1827 —0.2050 
0.30 0.4481 0.4674 —0.1911 0.1276 —0.1017 0.0891 —0.0829 0.0804 —0.0802 
0.40 0.5429 0.4161 —0.1514 0.0900 —0.0639 0.0498 —0.0412 0.0356 —0.0317 
0.50 0.6300 0.3707 —0.1201 0.0636 —0.0402 0.0279 —0.0206 0.0159 —0.0126 
0.60 0.7113 0.3311 —0.0957 0.0453 —0.0255 0.0158 —0.0104 0.0073 —0.0051 
0.70 0.7884 0.2959 —0.0764 0.0323 —0.0163 0.0090 —0.0053 0.0033 —0.0021 
0.80 0.8618 0.2648 —0.0612 0.0231 —0.0104 0.0052 —0.0027 0.0015 —0.0009 
0.90 0.9322 0.2373 —0.0491 0.0166 —0.0067 0.0029 —0.0014 0.0007 —0.0004 
1.00 1.0000 0.2129 —0.0395 0.0120 —0.0043 0.0017 —0.0007 0.0003 —0.0002 
1.10 1.0657 0.1914 —0.0318 0.0087 —0.0028 0.0010 —0.0004 0.0002 —0.0001 
1.30 1.1912 0.1554 —0.0209 0.0046 —0.0012 0.0004 —0.0001 

1.40 1.2515 0.1406 —0.0171 0.0034 —0.0008 0.0002 —0.0001 

1.80 1.4797 0.0947 —0.0077 0.0010 —0.0002 

2.00 1.5874 0.0786 —0.0053 0.0006 —0.0001 











For curve 9, the nearest to the limiting curve, the fit 
is as follows: 











W from (24) W from (18) 
z Near Formula Far Formula 
0.5554 0.7078 0.7077 
1.1107 0.921 0.922 
1.6661 1.003 1.004 








This is very satisfactory, but the fit is not as close for 
curves 7 and 8. 
An unfortunate defect of the solution (24) is that the 
series does not converge for very small values of w. 
Curve 9 lies so close to the limiting curve that it is 
impossible to distinguish the one from the other on the 
graph of Fig. 2 except in the immediate neighborhood 
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Fic. 3. Generalized potential curves for cylindrical diode 
with zero emission velocity. 
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of the origin, where the limiting curve has been indi- 

cated by a broken line. At the origin the limiting curve 

makes tangential contact with the axis of abscissas. 
NEAR FORMULA III 


It follows from the definition (15) of W that this 
quantity becomes infinite when there is no emission 
of ions. In such a case (16) reduces to 


d?/d2?(W?)+-2d/dz(¥?) + ¥?=0, (25) 
of which the complete solution is 
W= (Ao+ Boz)e~*= { Ao+$Bo log(r/a)}(a/r)', (26) 
giving for the effective potential 
W=A-+B log(r/a) 


in agreement with the elementary expression for the 
potential between the plates of a cylindrical condenser. 

It would be expected, therefore, that for small emis- 
sion currents, a series solution should exist the first term 
of which is the equivalent of (26). If, for convenience in 
writing this solution, we put y=z—a, we find such a 
solution in the form 


1 
W=cyhev?2+ 90"L0.66667 | 
¢ 
1 1 
+<yev —0.38889p%5:]}+ 4 0.37037 251] 
1 1 
a tsa ~— 0.42130 p's. J+ —y*e"L 0.52675 pss] 
c c 


1 1 
rn —yiPettu >| — 0,69882p%s6 ]+—y'e™[ 0.96571 p"s7] 
Cc = -* 





1 
+0 Meu — 1.37499 p855]+ ++: (27) 
c 

where 
1 “3 ve (3y)? : (3y)*+ 

SS Sa Ee 








(28) 





By)" 





+(-1)" 
5:7-9+++(2n+3) 


s2= 1—0.003,675y°—0.001,471'—0.000,226y' 
+0.000,0275+0.000,021y°+---, 
ss=1—0.004,286y*—0.001,590y* 
—0,000,182y*+0.000,049y5+---, 
sa= 1—0.006,940y*—0.002,421y* 
: —0.000,206y!+-:-, 
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DIODE SPACE CHARGE 


cePa’- (are, Fest) 


55= 1—0.010,205y?—0.003,438y'+----, 
se=1—0.013,118y?+---, 

site, 

sg=1t+-::. 


Putting 
t= (yhetul2/¢3) 


we can write (27) in the form 
W= (B/t)[1+bt+boF+538+ -- +] (30) 


where the coefficients of ¢ are, of course, functions of y 
although not of c. In Table III we list the values of the 
coefficients for various values of y. 

We have used (27) to extend the curves 10, 11, 12, 13, 
14. Since the fitting of the function and its derivative 
had to be done by trial and error it was very laborious. 
It should be noted that, after a hump which becomes 
higher the greater the ordinal number of the curve, the 
curve drops abruptly to the axis of abscissas and ends 
there. While the accuracy of the fit is diminished as the 
ordinal number of the curve decreases, this lessened 
accuracy is compensated by the fact that the extended 
portion of the curve is shortened. The values of a and ¢ 
found for these curves are as follows: 


(29) 








c 


1.031 
1.295 
1.568 
1.955 
2.584 





—0.14 
—0.41 
—0.81 
— 1.38 
— 2.06 








DISCUSSION OF RESULTS 


The solutions obtained are shown graphically by the 
curves in Fig. 2. Just as in the case of the plane diode, 
a sliding card (Fig. 1) can be used to pick out the poten- 
tial curve for any assigned effective cathode potential 
W, and anode potential W,, any assigned anode to 
cathode ratio 6/a, and any realizable current 7; per 
unit length. In this case, however, since the abscissa 
is z= (2) log(r/a), the distance AB on the card must be 
made equal to 


Zp— Za=F log(b/a) (31) 


and, since the ordinate is ¥*, the heights AC and BD 
must be made equal to the values of 


(4xm/9e7jr)*{ — (2e/m)W } 


at each of the two electrodes, in accord with (15). It 
should be noted that the factor in the first parenthesis 
of (32) is of the dimensions of the reciprocal of the cube 
of a velocity and that in the second of the dimensions 
of the square of a velocity, so that the whole expression 
is a pure number. 


(32) 
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Fic. 4. Generalized potential curves for cylindrical diode 
with finite emission velocity. 


If, when AB is slid along the axis of abscissas, the 
points C and D lie on the limiting curve on opposite 
sides of the origin, a virtual cathode is present. If no 
curve on which they both lie can be found, the value 
assumed for the current is too large. 

Since 


dV Sejr\tf m\ed 
—= (2/3r) —) (-=)|—o++| (33) 
dr 4am 2e/ dz 


the electric field is proportional to the slope of the curve 
only where ¥?=0. The limiting curve is the only one 
which meets the axis of abscissas with zero slope. 

Any desired information regarding the cylindrical 
diode can be obtained from the master curves in Fig. 2. 
If, for instance, it is desired to study the characteristics 
of the cylindrical diode for the emission of ions with 
zero velocity but in varying numbers, we draw a new 
graph from the curves numbered 14 to 9 inclusive, 
taking as origin in each case the point where the curve 
intersects the axis of abscissas, and using logio(r/a) 
rather than z as abscissa and (r/a)'N rather than ¥? 
as ordinate. The new ordinates, then, are directly pro- 
portional to the effective potential W, and the slope of 
the curve is proportional to the electric field at any 
point. Such curves have been drawn in Fig. 3, the 
numbering of the curves corresponding to that of the 
master curves of Fig. 2. The limiting curve is indicated 
by L. If, now, it is desired to apply the graph to the 
specific case of a tube in which the ratio 5/a is, say, 
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one hundred, the figure must be cut off on the right by a 
vertical line of abscissa two. Then the ordinates of the 
points where the successive curves cut this limiting 
line are, for a given emission current, proportional to 
the potentials on the anode, each curve giving the dis- 
tribution of potential between the electrodes for the 
assigned potential difference and assigned emission 
current. 

Figure 4 shows a set of curves differing from those of 
Fig. 3 only in that an initial velocity corresponding to 


W.= (9ej,a/4am)*(—m/2e) 


is assumed. The broken curve representing (r/a)* has 
been included for the sake of comparison. Now we have 
cases in which the field near the cathode retards the 
ions, causing a dip in the potential curve, and leading, 
in the extreme case, to the formation of a virtual 
cathode. While each curve represents a possible poten- 
tial distribution, the theory developed here does not, 
of course, specify the experimental conditions under 
which a specified curve may be realized or the sequence 
in which different curves are reached when one of the 
parameters, such as the potential on the anode, is 
altered. 














PHYSICAL REVIEW 


VOLUME 76. NUMBER 3 


The Work Function of Copper 
Pau A. ANDERSON 














AUGUST 1, 1949 





State College of Washington,* Pullman, Washington 


The work functions and aging characteristics of fourteen copper 
surfaces have been determined by measurement of their contact 
differences of potential with respect to barium reference surfaces 
of known work function. Measurement was by the retarding 
potential method in tubes sealed from the pumps and gettered 
with vaporized barium. The copper surfaces were prepared by 
subjecting Hilger’s “spectroscopic standard” copper to forty 
vacuum fusions followed by fractional distillation, redistillation 
of the fractions, and condensation of the vapor on glass. The barium 
films were prepared by a similar, standardized technique which 
yields surfaces reproducible and constant to 0.01 ev or better. 
The time interval between the deposition and initial measurement 
of the metal films was of the order of ten seconds, obtained con- 
veniently with a tube in which the target is returned to the 


HIS report describes further results in a series of 

studies of the external work functions of the pure 
metals. The more significant features of the experi- 
mental method, described in detail in previous reports,} 
may be summarized briefly as follows: (1) The surfaces 
to be measured are prepared by condensation of the 
metal vapor on glass after an exhaustive outgassing 
which includes repetitive vacuum fusion, fractional 
distillation, and, when necessary, redistillation of the 
selected fractions. (2) Each work function determina- 
tion is based on the measurement of an extended ‘series 
of different surfaces, a procedure which either establishes 
the reproducibility of the measurements or reveals 
inadequacies in the outgassing technique. (3) The first 
measurement on each surface is obtained immediately 
after its deposition and within a°time interval which is 
short compared to the time required to form an equi- 
librium layer of contaminating gas on the surface. This 


* Assisted by the ONR under Contract M6-ori-167, Task I. 
1P. A. Anderson,-Phys. Rev. 59, 1034 (1941); 57, 122 (1940) 
and earlier reports cited therein. 


(Received April 7, 1949) 





measuring position automatically after deposition of a metal film 
upon it. 

The copper surfaces, formed from successive fractions of the 
distillate, showed marked variability of the initial work function 
and marked drift toward lower work function in films 1-4, pro- 
gressive improvement in films 5-8 and, finally, good reproducibility 
and negligible drift in films 9-14 inclusive. The range of variation 
in films 1-8 coincides almost exactly with the range of divergent 
values reported in the literature. Copper evidently retains dis- 
solved gases, in free or combined form, with extraordinary tenacity 
and these contaminants, evaporated with the copper and reab- 
sorbed by the condensing film, appear to be responsible for the 
variations observed in films 1-8. The work function value given 
by films 9-14 is 4.46+-0.03 ev, and this value is to be taken as 
representative of the present work. 









procedure supplies a definite means for estimating the 
degree of contamination of the surface at the time of 
measurement.” (4) The work function of each surface is 
determined by measuring its difference of potential with 
respect to a barium reference surface prepared by a 
technique which has been found! to give surfaces con- 
sistently reproducible and constant to 0.01 ev or better. 

A large number of unpublished measurements on 
copper, taken in this laboratory in 1939-41 with tubes 
of several different types, gave work function values 
which varied in random fashion over a range of about 
0.5 ev without showing any trend toward better repro- 
ducibility. These results were obtained after outgassing 
treatments which were comparable in all respects to 
those which have given! excellent results on silver, zinc, 
magnesium, and lithium. In the present work, out- 
gassing of the copper has been carried to an extreme and 
our earlier tube designs so modified as to simplify the 
manipulations required for obtaining short deposition- 


? Reference 1, 1940 paper. 
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WORK FUNCTION OF COPPER 


measurement intervals. These procedures have given 
work functions reproducible to a few centivolts in the 
initial readings and drifts with aging which are so slow 
that the initial readings can probably be taken as 
characteristic of clean copper. 


TUBE DESIGN AND EXPERIMENTAL PROCEDURES 


The experimental procedure, insofar as it involves 
modifications of our previous techniques,! may be 
described in connection with the design of the measuring 
tube, Fig. 1. The target on which the films of copper and 
barium are laid down is a glass drum pivoted on glass 
bearings and operated as a pendulum. The “‘measuring 
position” at which the freshly deposited metal film is 
centered over the electron gun is the equilibrium posi- 
tion to which the pendulum returns automatically 
whenever it is released. When a film of either metal is 
to be deposited, the drum is rotated to the appropriate 
position by traction of a small Alnico magnet on the 
glass-enclosed armature. Friction in the bearings damps 
the pendulum oscillations sufficiently to bring the 
target to rest a second or two after release; the deposi- 
tion-measurement interval is thus reduced to the time 
required for bringing the galvanometer to the selected 
reference reading. The drum serves the important 
purpose, also, of isolating the vaporizing compartments 
from each other and from the electron gun, i.e., of 
preventing contamination of the copper charge or gun 
by the barium. The glass spindles of the drum were 
sealed on with the aid of a glassblowing lathe to insure 
constant target-gun geometry at all positions of the 
target. 

The barium vaporizing assembly, which provides 
fractional distillation of the metal and redistillation of 
the fractions used for preparing the measured surfaces, 
was similar to that employed in previous investigations 
of this series. The first copper vaporizer was designed to 
handle a relatively large charge (order of 1.0-1.5 g) of 
the metal without excessively heavy current leads and 
with reasonably high efficiency in terms of the ratio of 
distillate intercepted by the second vaporizer to the 
total quantity of copper vaporized. The usual horizontal 
tungsten foil boat is not satisfactory for this purpose ; 
the fused copper flows along the foil and shorts most of 
it out. 

The outgassing schedule, involving prolonged baking 
of the tube at 450°C before introduction of the metal 
charges, another extended bake at 350°C after charging, 
and repetitive high frequency treatment of all metal 
parts, was similar to that used for silver.* The treatment 
of the barium followed the procedure described in our 
recent report on lithium.‘ The copper used in this work 
was Hilger’s spectroscopic material, Lot No. 10300, 
which -was supplied with an exceptionally complete 
analysis showing 0.004 percent oxygen and 0.0007 
percent iron as the only impurities present in amounts 


3 Reference 1, 1941 pat 7. 
‘Paul A. Anderson, Phys. Rev. 75, 1205 (1949). 
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exceeding 0.0001 percent. During the outgassing of the 
tube and before seal-off, the copper charge was melted 
down five times. After seal-off, alternate fusions and 
solidifications of the copper interspersed with similar 
treatments of the barium were continued until ap- 
proximately half of the charges had been vaporized. 
Since copper vaporizes rather slowly at temperatures 
slightly above the melting point, thirty-five fusions were 
included in this stage of the outgassing. The second 
vaporizers were flashed to remove the discarded frac- 
tions of copper and barium before proceeding with the 
measurements. The current through the first copper 
vaporizer was then increased to a value which was high 
enough to give a suitable deposit on the second vaporizer 
in about ten minutes, that is enough copper to form an 
opaque film on the target when the redistillation was 
carried out. As each new film of copper was deposited 
on the target it was measured as quickly as possible, 
usually within ten seconds of its deposition, and then at 
intervals of one minute to establish the rate of drift 
of the work function with aging. This procedure’ was 












































Fic. 1. Tube for measurement of contact difference of potential 
between vaporized films of Cu and Ba. Side view of complete tube 
above and of target section, rotated 90°, below. First Cu vaporizer 
A is 1-mil Ta foil 6-mm wide. Second vaporizers R of 1-mil Ta 
foil. Target T is Pyrex drum with 60-mil tungsten spindle rotating 
freely in nickel bearing K. Contact to metal film is by 20-mil Pt 
wire C embedded in face of drum. M is glass-enclosed soft iron 
armature. For detail of electron gun G and first Ba vaporizer B, 
see reference 1 of text. All leads 60-mil tungsten. 
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repeated until the copper charge on the first vaporizer 
was exhausted. A-succession of barium films was then 
deposited on the copper and measured in like fashion. 
The electrical circuit used in these measurements has 
been described previously.‘ 


THE CONTACT DIFFERENCE OF POTENTIAL 
BETWEEN COPPER AND BARIUM 


The results to be described are based on measure- 
ments on fourteen copper surfaces and eight barium 
surfaces, prepared as described above. The retarding 
potential required to establish the reference electron 
current to the target in the measurement taken im- 
mediately after the deposition of a new film is referred 
to hereafter as the “initial reading.” The barium films 
gave, as usual, initial readings which were consistently 
reproducible to 0.01 volt or better and constant to 0.01 
volt for periods of hours or even days after deposition. 
The serial numbering of the copper surfaces, running 
from 1 through 14, conforms to the order in which these 
surfaces were prepared from successive fractions of the 
distillate. Copper films 1-4 inclusive gave initial 
readings which varied at random by amounts corre- 
sponding to an extreme variation of 0.24 ev in the work 
function, a reproducibility markedly better than that 
obtained in our earlier unpublished measurements but 
still far from satisfactory. In films 5-8 a regular trend 
in the initial readings, corresponding to a progressive 
increase in work function totaling 0.18 ev appeared. 
This trend then disappeared; films 9-14 gave initial 
readings which again varied at random but over a 
range of only +0.03 ev. The contact difference of 
potential Cu— Ba derived from the mean of the initial 
readings on films 9-14 is 1.94+0.03 volts, copper 
negative to barium. 


THE WORK FUNCTION OF COPPER 


Neglecting deviations which arise from the Maxwell 
tails of the Fermi distributions and which are well within 
the limits of experimental error at room temperature, 
the difference between the work functions of two metals 
is equal to the contact difference of potential between 
them, multiplied by the elementary charge. Addition 
of our value for the contact difference of potential 
Cu—Ba to 2.52 ev, the work function of barium, yields 
the value 4.46++0.03 ev for the work function of copper. 
This value is to be taken as representative of the 
present work. Previously reported values® for the work 
function of copper range from 4.1 to 4.5 ev. The 
thermionic measurements of Goetz,’ probably the most 


5 N. C. Jamison and R. J. Cashman, Phys. Rev. 50, 624 (1936). 

6A. L. Hughes and L. A. DuBridge, Photoelectric Phenomena 
(McGraw-Hill Book Company, Inc., New York, 1932), p. 75. 
7A. Goetz, Zeits. f. Physik 43, 531 (1927). 
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careful and thorough of the earlier investigations, gave 
4.38 ev. It is interesting that this range of values, ob- 
tained in seven independent studies by a variety of 
methods and techniques, coincides almost exactly with 
the range of values obtained in our measurements on 
copper films 1-14, namely 4.04 to 4.49 ev. Our observa- 
tions on the variation of the work function with the 
aging of freshly deposited copper films, described below, 
show in every case a trend toward lower work function 
and suggest that the work function of completely clean 
copper films deposited on glass at room temperature is 
probably close to 4.50 ev. 


EFFECTS OF GASEOUS CONTAMINANTS ON THE 
WORK FUNCTION OF COPPER 


We are concerned here not only with the initial 
readings on newly formed copper surfaces but with the 
behavior of these films on aging. The results of some 
two hundred measurements on the fourteen copper 
surfaces may be summarized as follows: (1) The first 
films to be deposited, characterized by poor reproduci- 
bility in the initial readings, showed a relatively rapid 
drift toward lower work function on aging. Film No. 1, 
the extreme example of drift, gave a work function of 
4.32 ev ten seconds after its deposition, 4.27 at one 
minute, 4.23 at two minutes, 4.12 at eight minutes, and 
a slower drift thereafter. (2) Improvement in the 
reproducibility of the initial reading was accompanied 
by a striking decrease in both the rate and magnitude 
of the drift. Film No. 10, typical of the 9-14 group, 
gave an initial work function of 4.47 and successive 
readings of 4.47, 4.47, 4.47, 4.46, and 4.46 at one minute 
intervals without further drop within 12 minutes. (3) In 
no case was a drift toward higher work function ob- 
served. These observations seem to bear out the ten- 
tative conclusions reached in our earlier unpublished 
work, namely, that traces of gas retained by a copper 
charge through a series of fusions and solidifications are 
evaporated with the copper and are then reabsorbed by 
the condensed film. In the present measurements, the 
quantity of gas left in the copper charge on the first 
vaporizer appears to have been reduced to negligible 
proportions only after most of the copper had been 
evaporated. The fact that the residual gas, presumably 
oxygen, lowers the work function suggests further that 
solution in the condensed copper film rather than per- 
manent adsorption on the surface is involved. It is well 
known that oxygen adsorbed on a clean tungsten surface 
raises the work function and a similar behavior would 
be expected of copper if the oxygen remained on the 
surface as an adsorbed film. 

I am indebted to Mr. Frank Peters, departmental 
glassblower, for the skill and care which he has given to 
the construction of the tubes used in this work. 
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It is shown in the present paper that the supplementary condition in quantum electrodynamics can be 
satisfied identically without eliminating the longitudinal components of the electromagnetic field, provided 
certain rules on the summation over the polarizations of the photons are observed. The result is shown to be 
identical with that obtained by the usual method in which the longitudinal field is eliminated. This simplifies 
greatly the calculation since no separate treatment of longitudinal and transverse fields is needed. 





ECENTLY Tomonaga,' Schwinger,? and others 
have succeeded in formulating quantum electro- 
dynamics in a completely co-variant form. As in cus- 
tomary formulations, these authors showed that the 
longitudinal components of the electromagnetic field 
can be eliminated, and thus insured the identical satis- 
faction of the supplementary condition. As a conse- 
quence of this elimination, the application of the theory 
becomes very much involved, since one has to deal with 
the transverse field and the coulomb interaction sepa- 
rately for each virtual transition. On the other hand, 
it has been pointed out by Feynman’ that one can treat 
the longitudinal and transverse fields on the same foot- 
ing by dealing with four different polarizations of vir- 
tual photons and also obtain the correct results. The 
Coulomb interaction is thus replaced by virtual emis- 
sion and re-absorption of longitudinal photons. This 
simplifies tremendously the calculations since no sepa- 
rate treatment of longitudinal and transverse field is 
needed. It is the aim of the present paper to derive this 
new method from the formalism of Tomonaga and 
Schwinger. Only the case of spin-} particles interacting 
with the electromagnetic field is considered in the 
present paper. 

It is perhaps of interest to mention here that as long 
as one is concerned only with the rigorous solution of 
the problem, the supplementary condition can be in- 
cluded in the initial condition‘ and will then be auto- 
matically preserved after the initial state of the system 
has been specified correctly. However, if the Schrodinger 
equation is solved by perturbation methods, a special 
treatment (such as the elimination of the longitudinal 
field) is needed to insure that. the supplementary condi- 
tion is satisfied by the approximate solution at all 
stages of approximation. 


* Now at University of Wisconsin. 

1S. Tomonaga, Proc. Theor. Phys. 1, 27 (1946); Koba, Tati, 
and Tomonaga, Proc. Theor. Phys. 2, 101, 198 (1947). 

? J. Schwinger, Phys. Rev. 73, 416 (1948) ; 74, 1439 (1948). 

*R. P. Feynman, Phys. Rev. 74, 939, 1430 (1948); and several 
papers still in the course of preparation. 

* This follows from the fact that the supplementary condition 
and the Schrédinger equation are represented by operators com- 
muting with each other. For earlier non-covariant derivation of 
the result see E. Fermi, Rev. Mod, Phys. 4, 131 (1932) ; W. Heitler, 
The Quantum Theory of Radiation (Oxford University Press, 
London, 1944) §6. 


The first part of the present paper deals with the 
elimination of longitudinal field which is essentially not 
much different from that given by Koba, Tati, and 
Tomonaga.! The second part consists essentially of un- 
doing the elimination, preserving, however, the identical 
satisfaction of the supplementary condition achieved in 
the first part. It seems that there should be a more 
direct way of obtaining the same results without fol- 
lowing the round-about way of eliminating and then 
restoring the longitudinal field. The present derivation, 
however, shows the connection between Feynman’s 
method and the conventional one in which the long- 
tudinal field is eliminated. 

In the following calculations the same notation as 
that of Schwinger’s paper is used except that here in 
addition the unit s=c=1 is in use. Therefore no de- 
tailed explanation of terms and concepts is given here 
that have been explained clearly in Tomonaga and 
Schwinger’s papers. The state vector Y[¢ | of the system 
of electronic and electromagnetic fields satisfies the 
following generalized Schrédinger equation: 


5V[o | 
i = —ju(x)A,(x)¥Lo] (1) 
5a(x) 
and the supplementary condition 
dA , (x) 
| f e240 de,’ |MEoI=0. @) 


OX, o(z) 


A,(x) can be expanded into the following Fourier 
integral 


: i(kz) * i (kz) oe 3 
A,)=— f [An(iei™+A,0(H)eH0} (3) 


where (kx) = koxo— kix1— koxv2— 3X3, X= (t,x) being the 
coordinates of any point in the space-time, and A,(x) 
= (¢(t,r), A(i,r)) is the four-vector potential of the elec- 
tromagnetic field. o(x) denotes an arbitrary space like 
surface passing through the point x,, and W[c] is 
understood as a functional of «. The meaning of other 
notations can easily be found in Schwinger’s paper. 
A,(k) and A,*(k) are g-numbers satisfying the following 
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commutation relations ((A,B]=AB-—BA) 


[Ao(k),Ao*(k’) |= —3h6(k—k’) 
[A(z),A*(k’) ]=3k5(k—K’). 


Introduce for each value of k, the following coordinate 
system: x, along any time-like direction, x; and x2 
perpendicular to each other and to both x, and k, and 
x3 forms the fourth perpendicular direction which is 
parallel to k, the space component of k,. Let n,“ be 


unit vectors in the direction of xa(a=0,1,2,3) referred 


to any fixed coordinate system in the space-time. For 
different values of k,, the directions of m,‘*)(k) are 
different. Introduce further the following two zero 
vectors: 

my (k) = 1/V2[ ny (k)-+-my (k) J, 

my) (k) = 1/N2[ — my (k) +4 (R) J. (S) 


It can easily be verified that (nn) = (nn) =0 and 
(nn©) =—1. A,(k) can then be written 


A,(k) = myVA © (k)-+n,@A 2)(k)+A,’(k), (6) 
where . 
Ay! (k=, A(B) +1, (b) 
mis nA (Rk) +n,OA O(R), (7) 
and in coordinate space 
A,(x) =A, («)+A,(x)+Ay' (x), (6a) 
and 
A,' (x)= A, (x) +A, (x) 
=A,“ (x)+A,(z), (7a) 
where 


A,(2)= fng()CA (a) (Retz) 
a. 
+r (a=0,1,2,3,x,1). (8) 


It can be shown from (4) that A )() satisfy the fol- 
lowing commutation relations 


[A(8) A" (W)]—=3gR5(k—K’) (a=0,1,2,3), 
[A(2),A*©(W) ]= —3h6(k—K)), 
[A*(B),A(B) ]=— Shake), (8a) 


(other commutators vanish) where g“)=—1 when 
a=0 and g=1 when a=1,2,3. This difference in 
sign of g is important since it follows from (8a) that 
A*(@)(k) should be considered as emission operator and 
A‘ (k) as absorption operator when a0, whereas 
A) (k) should be considered as emission operator and 
A*(k) as absorption operator. This important fact 
should be borne in mind when applying Feynman’s 
method. 

The supplementary condition (2) will be satisfied if 
W[c] is of the following form 


Vo ]= ex oo], (9) 
where Q[c] is independent of A“)(k) and A*®(&), ie., 
AM(k)Oo]=0, A*(R)2[c]=0, (9a) 


(4) 


and 


g 


alol= f julx’)A ,(x’)dx’. (10) 


It should be noted that x contains operators at point 
x’ which is on the past side of «, whereas OQ. ] on which 
x is operated depends only on o. One way of specifying 
the operation is to integrate x with respect to x’. One 
finds readily 


x= [is@)BOa)de, (11) 
where ; ’ 
—B(x)=A, (x), (12) 
OX, 
or 
B(x) =1/(2n)! f iA @eia 
—A*(«)(R)e-ik2) Bk /R. (12a) \ 


Then x contains only operators referring to o. An 
alternative way to specify the meaning of the operation 
is to follow the procedure of Dirac’ who defines * 

Jul’) Ay (x) Lo ]= ju(x’) Ay (2’)SLo jo’ QL 0] (13) 
where a’ is a space like surface in the past side of o and 
passing through the point x’. S[o;0’] is an unitary 
operator transforming a solution Q[o’] of (1) at time 
a’ to the same solution Q[¢ ] at time o. S[Lo,0’ ] may con- 
tain other operators such as 7,(x’’)A,“(x’’), therefore 
care must be taken not to disturb the original order of 
different operators unless they commute. These two 
ways of specifying the meaning of operation are, of 
course, equivalent—at least in the following calculation 
only such properties of x are used for which the equiva- 
lence of (10) with (11) is obvious. 

Since from (6)—(8) 


0A ,/0x,=0A,/dx,= 1/2n)! f LAM meio 

— A*(k)e-*k2) |B R/k, 
and 
x= f inter’ [no LA@ meee” 


5 4 A¥) (hei) PR/k. 
It follows from Eq. (8) 7 


04,/dxx= f jnlal)de!-4 f byLeto==? 
oe | 4 eike-2) Bk /k 


ad re] 
. f ii) —~Blo~aohel 
mp OX, 


- f j.(x’)D(x—2’)do,', (14) 


5 P. A. M. Dirac, Rev. Mod. Phys. 17, 195 (1945). 
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where (k,x—x’)=o(xo— xo’) —k- (x—x’). If Ofc] is in- 
dependent of A“(k), and A*“(k), or in other words, 


) independent of A “*)(x) then using (9a) 

t | @A,/dx)e*OLo]= | j(e’)De—2')do,/e*O[o]. (15) 
h ¢g 

g This verifies that the supplementary condition is satis- 
e fied identically if (9a) is satisfied, i.e., if Oe] is inde- 


pendent of A “*)(x). It must now be shown that an Q[¢ ] 

’ independent of A‘*(x) is allowed by the Schrédinger 
Eq. (1). 

It follows from (10) 


) | e*Xi(6/da)e*O[o]= i(6/80)0Lo] 
—ju(x)Ay(x)Q[e]}. (15a) 


Since 


[Cise>, jal) o,'=0, (15b) 


j,(x’)do,’ may be considered as commuting with j.(x). 


n Then with the help of the commutation relations 
(8a), it follows 


eo *x7,A,(e%X= 7,A, (a= 1,2,x). (16) 





) The following identity can easily be verified to be true 
d 

y 7G ,A MEX =] Ap — [ju Au J 

aa | } 1 

‘ t+—[x,00, 504 0]] 

e 2! 

f ei 

; —7DoDoDodnde T+ (17) 


- From Eqs. (4), (12), and (15b), it follows, after some 
calculation, 


[xj uA pO 7J= ies fineeulee)2,(0- x’)doa', 


dk 
L,(e—2)= [n,Q Leemrteierny—, (18) 


It also follows from Egs. (15b) and (18) that 


re Cx Lx, judy JJ=0. 


Therefore, all the terms except the first two on the right- 
hand side of Eq. (17) vanish identically. Application of 
Eq. (17) on Q[¢ ] gives further 


e *Xj,Ay eM o }= — jrAyxOLo], (19) 


on account of the condition (9a). Finally the Schrodinger 
equation for Q[c] obtained by inserting (9) into (1) 
and using (15a), (16) and (19) is given by 


6[e] 


i =— 


60 (x) 











. juA wPOLo]+j,A »xLo JLo], (20) 


r=l, 
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or, on inserting Eq. (18), 
6X o] 


4 =— 


ba(x) 





juA 2POLo | 
2 


+ Jula)ja(x’)L£,(x— x’ )doe'QXo]. (21) 


It is seen that the operators on the right hand side of 
(21) are independent of A“(k) and A*(k). This fur- 
nishes the proof that (9a) is always satisfied if it is 
satisfied initially. 

Equation (20) can be written in the following form 





jted _ ae)0fe), (22) 
a (x) 
where 
H (x)= H;,(x)+H;2(zx), (23) 
(24) 


Hy (x)=— 2X Iu@)A u(x), 
H2(x)= — (1) 4(x)A p(x) | ja(x’)B(x’)dow’. (25) 


Following Schwinger and Dyson,* the solution of (22) 
can be written down immediately : 


OLe J=SLo ]Q%, 
So j= 1— if Ay (x1)dx 


—o 


(26) 


+(-i f H(x,)dxy f “H(aa)dtrt-++. (27) 


—oo 


The general term of Eq. (27) can be written: 
(—1)* f A (x1)dx f H(x2)dx2: -- f H(xn)d%n, (28) 


where the limits of the integrals have been omitted, it 
being understood that the integration of each factor 
H(x) is from — © toa space-like surface passing through 
the variable point x’’ of the factor H(x’’) just in front 
of H(x), with the order of the H’s according to the order 
of time. 

On inserting Eq. (23), the integrand of (28) can 
further be expanded into different combinations of 
products of factors H; and H2. Consider first the terms 
of (28) which contain H, only and which contain 
no virtual emission and re-absorption of photons. (This 
does not exclude the processes in which a transverse 
virtual photon was emitted but has not been absorbed 
at time o.) One of these terms can be written in the 
following form 


I,=(—i)" f “Ailend 
x [ Aileen ’ - [Aled (29) 


6 F, J. Dyson, Phys. Rev. 75, 486 (1949). 
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Let J,(i) be another term of (27) constructed from (29) 
by adding a factor -H2(x’)dx’ between f-H;(x;)dx; and 
SHi(xi41)dxi41: 





I,(i)= (ae f Hlaaddns f Haleadday ee 





x f By(xde: f Jule) 4 (x!)da! 






x ja(x”’) B(x! )doa.’ | Hy(xi41)d% 41° ** 
o(z’) 






x f Hy(xn)dxn. (30) 





Now since [A,(x’),Hi(x)]=0 and because of Eq. 
(15b), the added factor commutes with all the other 
factors of Eq. (30). By using the following identity 






f jul’) B(x’) do iy’ = julx')A p(x’) dx’ 


t oi+1 





(31) 





= f ju(e!)BO@?)do" isa, 
oi+1 





it can easily be seen that 





o(z’) 


J jax’) B(x" do! f Hi(ens)dens 


(z’) 





o(z’) 


o(2!’) 
=f jalet")A (abba f Fy (xi41)dxi41 


—* 






a(x) 
+ f Bakeusddteens f je(e’)B(x!)doe!. (32) 
—2 Ft+1 





This relation can be used repeatedly to push the surface 
integral in Eq. (30) to the right side of the last factor 
JS Hi(x,)dx, and then replace it by a volume integral 
Eq. (10) integrated from minus infinity to o,. The final 
expression of Eq. (30) will contain no surface integral 
and is given by :; 









I,)=d } “Hilos)den f Hy(x2)dexq: + 





x f Hi(x)dx, f jaa!) (ade! 





x f ae f ju(e”)A (dae 





x f Hi(xn)dxn, (33) 






where >) means summation over all possible posi- 
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tions of f'j,(x’’)A“(x’")dx” between f-H;(x,)dx; and 


S Ai(%n)dxn. 
It will now be shown that the contribution due to 


the factors 
f julx’)A © (x')de’, f Jule Ay (x )dx"” (34) 


in Eq. (33) represent just the virtual exchange of longi- 
tudinal photons between o’ and o’’. Since from (7a) 


Ay (2) +A,(2)=4,(2)+4, (2), 
it follows from the commutation relation that 
Ay (aA a (a”)+A (2) A g(x”) 
=A (3!) A (30) +A (x!) A ®(22"") 
=) Ap’): DL Ane"), 
t=0,3 


s=0,3 
A, (x)Aa(x”’) vanishes identically because of the 
condition (9a). The above equation becomes 


Aye Aa ("= Y Ap(#’)> De Ane"). (35) | 


s=0, t=0,3 


Therefore, the two factors (34) can be replaced by 
J Sule Yds’ Ay (x')de’, 
fie By A ("dx (36) 


respectively, where the summation >)’ is from 3 to 4. 
Now from (27), new groups of terms can be picked out 
which contain only H;-factors and represent the same 
processes as (29), but in addition there is a virtual 
exchange of transverse protons between o(x’) and o(x’’). 
It is easily seen that the contribution of this new group 
of terms is just to replace >>’ by another summation 
over all polarizations from 0 to 3. 

So far only terms involving one pair of virtual 
emission and reabsorption have been considered. Let 


I,(i,j) be another term of (27) constructed from (29) § 


by adding two H--factors in the following way: 


In(i,j)=(—i" : Hy(m)de,- + f By(x)dx; 
xf jolae!VA, (aes")ders! J jo(es!”)B(es!” dog!” 
o(2p’) 


" J Hi (x;)dx; J Julia’) A yp (a')d aa 


xX J ni Ne ae f Ay(%n)dxn. (37) 


x7 


whe 
of t 
fact 
forn 
and 
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*7 
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avil 
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It follows from Eq. (15b) that j,(%a’)dxq’ and 7,(x»')dxe’ 
commute with each other and also with all the other 
current vectors in Eq. (37). The operators A,“ (x,’), 
B(aa’’), Ay (xe) and B(x’) commute with all the 
other operators in Eq. (37). It is seen from the foregoing 
result that the B’s represent the emission operators of 
the longitudinal photon* and the A,’s represent the 
corresponding absorption operator. The order of these 
operators in (37) shows that A, (x,.’) absorbs only the 
photon emitted by B(x”) and A,(a’) absorbs only 
the photon emitted by B(x’). If the order of B(x’) 
and A, (xq) is changed, new possibility arises that 
the photon emitted by B(%”) may be absorbed by 
A, (%a’), which process is not included in (37). This 
situation is avoided if the photon emitted by B(x,”) is 
marked so that it cannot be absorbed by A,“ (x,’). 
This amounts formally to considering the pairs A,“ (xa’), 
B(aa’’) and A,“ (a’), B(a»’") as emission and absorption 
operators of two different kinds of particles a and b. 
This is the same as the rule introduced in Dyson’s 
paper to group the operators into pairs with operators 
in different pairs commuting with each other. According 
to this rule the factor N* and (V+1)! of the matrix 
elements of the emission and absorption operators 
under customary convention should now be replaced 
by unity, where NV is the number of photons in the same 
state. This reduction in the strength of the operators 
will be compensated exactly by the increase in the 
number of precesses due to different permutation of the 
order of the operators. 

If the new rule is used, the argument that leads from 
(30) to (33) and (34) can be applied without any 
modification in the present case. Therefore Eq. (37) 
becomes 


T,(i,j)=(—1)"44 E> f medde f Marder . 


x fa e.)de. : + [Gdn pe 


fade . + fede" : » [H@nden 


Ha)=Z jute), (38) 


where the summation }/, is taken over all the positions 
of the four H’(x) factors among all the other H,(x)- 
factors. It should be understood that H’(x,’) and H’(xq’’) 
form a pair of virtual emission and absorption operators 
and H’(x,’) and H’(x,"’) form another pair whereas all 
the other H,-factors contribute no virtual emission- 
reabsorption process. 


*The vacuum has been considered as free from longitudinal 
pace Actually from (9a), vacuum should be considered as 
aving an indefinite number of longitudinal photons. However 
this makes no difference on final results as far as virtual processes 
are concerned. 
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The above result can easily be extended to the case 
when more than two pairs of virtual emission-absorption 
occur. It will not be difficult to see that terms con- 
structed from Eq. (29) in this way will eventually in- 
clude all the terms of Eq. (27). The general procedure 
of solving Eq. (22) can now be stated as follows: 

First solve the following Schrédinger equation 


60[o ] F 
= H(x)2[e], H(x)= 7 LejA,™, (39) 
da(x) 
with the summation unspecified and obtain the follow- 
ing formal solution ) 


Oe] = Slo ]Qo 


Se]= 13 f " H(e)det(—i) f " Hla,)dey 


—o 


x [Heder rs +a f A (x;)dx; 


oo 


x f “A (x2)dxe: +: f a (xn)dxnt+---. (40) 


—o 


Then the summation is specified as taken over all 
transverse and longitudinal polarizations for all the 
processes in which a photon has been emitted and then 
reabsorbed, and taken only over the transverse polariza- 
tions for all the other processes, namely, the processes 
in which either a real photon is emitted or absorbed or 
a virtual photon has been emitted but has not yet been 
absorbed. Equation (40) satisfies the supplementary 
condition identically even when a finite number of 
terms of S[o] are used as in the usual perturbation 
theory. 

It should be noted that although emission and re- 
absorption of longitudinal photons can be considered 
as actually taken place in the past, the explicit expres- 
sion of S[o] does not depend on the variables of the 
virtual longitudinal photons, as should be the case 
according to the condition (9a). In other words, no 
virtual longitudinal photon should be considered as 
existing at the present. On the other hand since the 
processes in which a transverse photon has been emitted 
but has not yet been absorbed are also included in Eq. 
(40), the expression of S[o] should therefore also de- 
pend on the variables of these virtual transverse pho- _ 
tons. If however o is put equal to infinity in Eq. (40), 
this remaining distinction between longitudinal and 
transverse virtual photons will disappear completely. 
S[ ] is just the representation used by Feynman. 

It should further be pointed out that, strictly speak- 
ing, % in (40) should satisfy the following condition as 
required by Eq. (9a): 


A(k)Q%=0, A*®(k)Q%=0. (41) 
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Now can be put into the following form 
Q = 29/Qo”” 
where {9 depends only on the variables of the trans- 
verse photons and {2)’’ depends only on those of the 
longitudinal photons belonging to the vacuum. Equa- 
tion (41) becomes 
A(R)Q)”=0, A*(R)Q)”=0. (42) 


Since, as pointed out in the footnote before, the solu- 
tion Eq. (40) does not depend on the exact form of 
Q)’’, the factor Q” can simply be omitted from Eq. 


M. F. M. OSBORNE 


(40). This means that instead of choosing Qp to satisfy 
Eq. (41), one can simply consider it as independent of 
the variables of the longitudinal photons. In other 
words, vacuum is considered as containing no longi- 
tudinal photons at all. This is just the convention 
adopted in the usual treatment in which the longi- 
tudinal field has been replaced by the Coulomb 
interaction. 

In conclusion, the author wishes to express his thanks 
to Professor Bethe for helpful suggestions and discus- 
sions and also to Professor Feynman for detailed ex- 
position of his theory before publication. 
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The distinction is made between a condensation temperature in the thermodynamic sense, where the 
thermodynamic functions have a discontinuity, and an abrupt accumulation (in the statistical mechanical 
sense) of particles in the ground state of a system. The criterion for the latter is that an integral will not 
approximate one term of a sum. The problem of a thin film of gas is solved to illustrate this distinction. For 
films thicker than a critical thickness a condensation occurs at the same temperature as that for bulk ma- 
terial. The thinner films are effectively two dimensional and have an abrupt accumulation temperature lower 
than the bulk condensation temperature. Films of liquid helium are briefly considered. 


INTRODUCTION 


ONSIDERABLE interest has been provoked by 
London’s proposal! that the A-phenomenon of 
helium is a Bose-Einstein condensation, or accumulation 
of a finite fraction of all the particles in the ground state 
of a potential hole of macroscopic dimensions. Tisza? has 
extended this suggestion to discuss helium in terms of 
the hydrodynamics of a two-fluid system, and more re- 
cently Ogg has proposed that phenomena which he has 
observed in metal-ammonia solutions and possibly also 
the phenomenon of superconductivity might be ex- 
plained by the condensation of a gas of electron pairs 
formed from the free electrons of the material. It is the 
purpose of this paper to examine in some detail the 
conditions under which these condensations occur and 
to discuss some examples of physical interest. The 
particular examples we shall discuss are: (1) Three- 
dimensional gas of uncharged particles in a thin film, 
(2) Two-dimensional gas, and in a subsequent paper (3) 
Gas of charged particles in a magnetic field, neglecting 
electrostatic interactions. 


Condensation and Accuraulation Temperatures 


In classical thermodynamics a condensation tempera- 
ture implies a discontinuity in one of the thermodynamic 


1F, London, Phys. Rev. 54, 947 (1938). 

2L. Tisza, Phys. Rev. 72, 838 (1947). 

3R. A. Ogg, Preliminary Report to ONR, “Electronic Processes 
in Liquid Dielectric Media. The Constitution of Metal Ammonia 
Solutions.” April 11, 1948, p. 20. 


functions which describe the system. Such discon- 
tinuities are also described by: phase changes of first, 
second, third order, depending on whether the function 
or one of its higher derivatives becomes discontinuous. 

From the standpoint of statistical mechanics we shall 
define an accumulation temperature JT» as a temperature 
at which a finite fraction of all particles begin to ac- 
cumulate in just one state or set of states with the same 
energy. By “finite” fraction we mean less than, but not 
a great deal less than unity, or very much greater than 
1/N, N being the total number of particles. We can 
speak of an “abrupt” accumulation if the fraction in a 
given state changes from “small” to “finite” in a small 
temperature range ATT». Such finite fractions can 
usually be expressed as 1—(7/To)", T< To. We speak of 
a gradual accumulation if it occurs over a range ATT). 
Only in the first case would it be appropriate to speak of 
a well-defined accumulation temperature, in the second 
case one might speak of an accumulation temperature 
band. Consider the expression for V, the total number of 
particles in a Bose-Einstein assembly. 


N= » 1/(exp(E(k, L, m)/kT+ a)— 1) 


oF S(E(k, |, m), a, T), (1) 


where k, /, m are quantum numbers specifying the level 
of energy E(k, 1, m) and a is defined implicitly as a 
function of T by this relation. 
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If the value of >°x,1,mf(E(k, /, m), a, T) can be re- 
placed by J/S\ Sdkdldmf(E(k, |, m), a, T) there is no 
accumulation of particles in any particular energy state. 
In general, on replacing a sum by an integral we have 


b+} 


f(m)dm— f'(m)/24| , (2) 


= flm)= 


a—} 


valid provided 
f(n+4)—f(n—9)-f' M<«f(n), (3) 


where a<n< 6, and refers to any of the three indices 
k, |, m of summation. 

The condition in Eq. (3) may fail in either of two 
ways: (a) If it fails for every value of m in the interval 
a, b, (as will be the case if in (1) AT is of the order of the 
spacing of the levels), then there is a gradual accumula- 
tion of the particles with diminishing temperature in the 
lowest energy state; (b) (3) may fail only for the lowest 
value of » in the interval a, 6. If the value of the temper- 
ature at which this occurs is well defined, we have an 
abrupt accumulation of particles in the lowest state. If 
this accumulation temperature depends only on V/V as 
N-~, i.e. is independent of the size of the system, we 
may expect discontinuities in the thermodynamic 
properties at this temperature. It is then a condensation 
temperature. This was first shown by Einstein,‘ and 
subsequently examined in detail by others.’ Even when 
- weak interactions between the particles are included the 
condensation occurs.® 


THE IDEAL GAS IN A THIN FILM 


In order to illustrate these points, let us consider the 
case of an ideal three-dimensional Bose-Einstein gas 
confined to a thin film. We shall show, using the above 
consideration, how thin the film must be for the well- 
known three-dimensional condensation to be prevented, 
and that for still thinner films (effectively two-dimen- 
sional gas’) an abrupt accumulation can still occur. 

For the thin film, the expression for the total number 
of particles of mass M’ in a box (¥=0 on walls) of 
dimensions 


L,=L,=L, L,=L/M, M>1 
is 


N= ¥ -4/(exp((k?-+22-+-m?M?)e/kT-+a)—1), 
k, l, m=1 
e= h?/8M’L?. 


(4) 


Assuming for the moment that all these summations 
can be replaced by integrals (despite the large energy 


‘ A. Einstein, Ber. Berl. Akad. (1924), 261; (1925), 3. 
(1938) H. Fowler and H. Jones, Camb. Phil. Soc. Proc. 34, 573 

°L. I. Shiff, Phys. Rev. 59, 758 (1941). 

™ Correspondence and conversation with F. London on this 
problem ‘led to the distinction between “condensation” and 
“accumulation.” 
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interval in m), we shall first examine the conditions 
under which the lower limits of integration on k, 1, m can 
be replaced by 0, instead of 4 as required by (2). This 
will give us an expression for V equivalent to that for a 
cubical box, plus correction terms which when large 
indicate that the film is too thin to be considered a three- 
dimensional system. The condition for largeness of the 
correction term will turn out to be the same as the con- 
dition forbidding replacement of a sum (over m) by an 
integral. From (4) 


w= fff atdam / 
_ —. -. 


(exp((k?-+-2?+-m?M?)e/kT+a)—1). (5) 


Letting 


P+P+M'*m?=p?, 1=(3+M?/4)~M/2 


N=(1/M) f (x/2)p%dp/(exp(p%e/kT-+a)—1), (6) 


where the factor 1/2 is a consequence of the fact we use 
box rather than periodic boundary conditions, and so 
integrate only over one octant in k, /, m space. Letting 
p=p'+n, and expanding that part of the exponential 
which is linear in p’, and using the definition 


U(p, a) =(1/P(p+1)) f dzz?/(exp(z-+a)—1) 


= exp(—a)/jr () 


we find, after some manipulation 


N=(n/2M)(kT/)'_T(3/2)U (4, n°e/kT +) /2 
+n(¢/kT)1U (0, 4°e/kT +2) 
+1T (1/2) (€/2kT)U(—3, o’e/kT +a) | 
+Order (n(¢/kT)#). (8) 


The four terms of (8) come in order from the three terms 
of p’=p"+2np’+n? in the numerator of (6) and the 
linear term in p’ in the expansion of the denominator, 
the last being valid so long as nep’/kT is small in the 
region of the principal contribution to the integrand. 
This is so if n¢/RT is small. If one takes into account the 
following properties of the U functions, 


U(}, a)~U (5, 0), 
U(0, a)~—Ina, 
U(—3, a)~ar, 
for 
0< a1, (9) 


and compares the above formulas with those of reference 
1, one can easily verify the following statements. 7» is 
the condensation temperature for the three-dimensional 
case given in reference 1. 

(1) For a>0 and ne/kTK1, T>T 1, the 2nd, 3rd, 
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and 4th terms of Eq. (8) are negligible, and the first 
term gives just the conditions for determining a for the 
gas in a cubical box, given in reference 1. 

(2) For a<O and ne/kT<1, the 2nd, 3rd and 4th 
terms of (8) are still negligible, and the first term de- 
termines the condensation temperature Jo: as given in 
reference 1. Below this temperature, the condition (3) 
for integrating k, / or m fails for k=/=m=1. The first 
term of the summation must be separated from the 
integral, and a is determined by 


at (2+M?)e/kT=1/N (1—(T/To)}. 


(3) For ne/kT—~1, there is no condensation phe- 
nomenon. The 2nd, 3rd and 4th terms are not negligible, 
but (8) cannot be used to determine a, as ne/kT™1 is 
just the condition for a gradual accumulation in the 
lowest z direction level (m=1) and the failure of the 
integration condition (3) for all values of m. 

(4) For ne/kT>>1 practically all of the particles are in 
the m=1 state, the gas can properly be considered as 
two dimensional, and must be reexamined for integra- 
bility on & and /. 


Application to Liquid Helium 


Before proceeding to a discussion of the two-dimen- 
sional case we can estimate for helium how thin a film 
has to be before condensation will be prevented. If 
ne/kT™=1 we find for T=T ,=3.4° (theoretical), 
L,~10~ cm. This is small compared to the observed 
thickness of 5.10-* cm for superfluid helium films.*® 
Therefore, the observed thickness of superfluid helium 
films is not in contradiction with the idea that super- 
fluidity is a consequence of a Bose-Einstein condensa- 
tion. This calculation ignores the effect of the surface 
forces of the material on which the film lies in modifying 
the energy levels. 

THE TWO DIMENSIONAL IDEAL GAS 

Though primarily of academic interest, this problem 
has been the subject of some controversy, and is 
illuminating in showing the distinction between an 
abrupt accumulation and a condensation. It is also sug- 
gestive of the nature of the effects of geometry and 
impurities. The expression determining a for a square 
film is 


N= = A/(exp((#+P)¢/kT+a)—1), 


Lz=Ly=L, e=h®/8mL?. (10) 


If the conditions (3) for replacing the sums over , / by 
integrals are met we have 


v-f J anit / (exp((k?-+/?)e/kT+a)—1) (11) 


= —(wkT/4e) In(1—exp(—a’)), (12) 


8 J. G. Daunt and K. Mendelssohn, Proc. Roy. Soc. 170, 423, 
429 (1939). 
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where by definition 
a’=e/kT+a. 


The expression (12), determining a, unlike its three 
dimensional analogue, does have a solution for @ for all 
values of T. In fact for a small (low temperatures) we 
find 








a=exp(—4eN /akT)—€/kT, (13) 






or in terms of a’ 





a’ =exp(—To1'/T), (14) 


where by definition 


To =]?N/24mkS, 
S=LLy 


Toi’ is very nearly the condensation temperature for a 
three-dimensional gas whose surface density is the same 
as that for the two dimensional case. But Toy’ is not a 
condensation temperature in this problem. 

However, it is not legitimate, in view of the integra- 
tion criterion (3) to use the above expression (13) for 
a< ¢/kT. When a< ¢/kT, we must use 


N=1/(exp(2e/kT+.a)—1) 


+f fi ant / (exp((R°-+FP)e/kT+a)—1), (15) 


3/2% 3/2 

















N=1/(a'+3€/2kT) 
— (rkT/4e) In(1—exp(—5e/2kT—’)). 





(16) 


In Eq. (16) the first term represents the population of 
the ground state and the second term represents the 
population of all the higher states. We shall continue the 
discussion in terms of a’ since it is the behavior of this 
quantity as a function of 7, rather than a, which will 
simplify the argument. Let us ask at what temperature 
Too’, where we expect T2’To1', Eqs. (16) and (12) give 
different results for a’, so that for T<To2’ we must use 
the more exact expression Eq. (16). 

Too’ isa temperature such that a’(T 2’) = (Se/2)/kT 02’. 
To see this we first observe that by (14) a’ is a very 
violent function of the temperature for 7<T 1’. Thus, 
since T2’KT 1’, at temperatures slightly above T 2’, a’ 
dominates the logarithm in (16), and (16) and (12) are 
equivalent. However, at temperatures slightly less than 
To2’ in (16), the logarithm in Eq. (16) is practically 
independent of a’. Then (16) and (12) give different 
results for a’, so one must use the more exact expression, 
Eq. (16), in which a’ will primarily be determined by 
the first term. 

Finally, we remark that the condition to determine 
T 02’, ae! (T 2’) = 5e/2kT 92’ giving the temperature at 
which (16) and (12) begin to disagree, and the condition 
to use Eq. (16) given by ate/2kT 0’ for the failure of 
the integration condition in Eq. (3), will in practice give 
almost exactly the same numerical value for T92’. The 
reason for this is that a’ is such a violent function of the 
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temperature in the vicinity of T 2’ that both of the 
equalities a’(T) =5¢/2kT and a(T)=¢/2kT are met ina 
very small temperature range. 

Let us now determine what the relative populations 
of the ground, and all higher states are, above and below 
To’. Above To’, since the right-hand side of Eq. (12) 
(the total population) and the second term of Eq. (16) 
agree, we see that the population of the ground state 
(ist term of Eq. (16)) is negligibly small. Below T2’ we 
have that the population of the higher states (2nd term 
of Eq. (16)), since a’Ke/kT, is ~MTInMT, where 
M~k/e is large. Now MT InMT varies approximately 
linearly in T, since its principal variation with T is in the 
factor of the logarithm. Moreover, it must provide, at 
the temperature To’, practically all of the particles NV, 
since above To’ few of the particles are in the ground 
state. Therefore, we are compelled to conclude that, for 
T<To2' the population of the higher states must vary 
approximately like N7/T 9’, and since the total number 
of particles must add up to N the ground state popula- 
tion varies like N(1—7/T 2’). In other words, since in 
Eq. (16), the second term is independent of a’ (for 
T<T 0’, a’&5e/2kT) and is linear in T (like NT/T2’), 
a’ in the first term must vary in just such a way that the 
first term makes the total number of particles add up 
to NV. 

We, therefore, conclude that J 2’ must be an accumu- 
lation temperature. We do not yet know how abrupt it 
is, and if it is also a condensation temperature. 

To answer these questions we first determine To’ by 
substituting a’=5e/2kT, T=T ’ in (16) and solving 
for Too’. Doing this one finds 


To2'=To1'(1+5)/InN, (17) 


where 6 is small, of order 1/InN. This shows that 79" is 
not a condensation temperature since T2’—0 as VN. 

As an accumulation temperature J.’ is moderately 
“abrupt.” To show this one calculates from Eq. (16) the 
relative population of ground and excited state at the 
temperature Too’, and also the maximum departure 
from linearity in T of the second term of (16), as a’ 
varies in the range a’=5e/2kT to a’=—3e/2kT (the 
lowest allowed value according to first term of (16)). 
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POPULATION OF STATES 





Too’ “TF 
o2 temperature 0!" 


Fic. 1. Populations of the ground state (broken line) and all 
higher states (full line) of a two-dimensional B. E. gas. 79’ is the 
approximate condensation temperature of a three-dimensional 
B. E. gas ‘of the same surface density. 


Doing this one finds that the band of transition AT from 
condition “above” To’ (negligible number of particles 
in ground state) to condition “below” T 2’ (the ground 
state population ~N(1—T/T>’)) is given by 


ATT 2'/InN. 


This means T9’ is a moderately abrupt accumulation 
temperature. Thus, if one had a “surface gram molecule” 
of material, N=(Navogadro)? the accumulation at To’ 
would occur at a temperature of 1/35 the corresponding 
three-dimensional condensation temperature, and in a 
temperature range about 3 percent of To’ wide. All these 
conclusions are summarized in Fig. 1. 

To interpret these results, one can say that in any 
physical situation where these calculations would be 
applicable, the results would be sensitive to any bound- 
aries or impurities on the surface which would tend to 
modify the lowest energy state and break up the total 
number of particles NV into subsystems. Effects of this 
type really represent the essence of surface and geometry 
effects in calculating from a statistical mechanical 
standpoint the properties of matter in the bulk. For 
example, one ordinarily considers the condensation 
temperature of water to be independent of the amount 
of material, but a moment’s reflection shows that this is 
only approximately true. For small drops the condensa- 
tion temperature (water-steam) is higher because of the 
increased pressure of surface tension. In this case, the 
condensation temperature also goes down (but not to 
zero) with an increased amount of material. 
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The condensation and accumulation phenomena of charged Bose-Einstein particles in a magnetic field are 
examined, neglecting electrostatic interactions. For weak fields a single condensation occurs at the same 
temperature as that for uncharged particles; for strong fields there is a separate lower accumulation tempera- 
ture, indicating the accumulation of particles in the lowest translational state. The total energy, free energy, 
and polarization are calculated, and applied to the properties of a gas of electron pairs, and a solution of 
deuterons in a metal, these being systems whose low temperature behavior might show a Bose-Einstein 
condensation. It is shown that the Bose-Einstein condensation of free electron pairs cannot provide a theory 











of superconductivity. 














INTRODUCTION 


N the preceding paper! the distinction was made be- 
tween a condensation in the thermodynamic sense, 
and an accumulation in the statistical mechanical sense. 
In this paper we use the conceptions and approximations 
there discussed to examine the properties of charged 
Bose-Einstein particles in a magnetic field, neglecting 
the effect of electrostatic interactions but including, 
where required, spin and intrinsic magnetic moment. We 
shall calculate the distribution of the population over 
the different classes of states, the total energy, the free 
energy, and the polarization. 
We repeat here two expressions from J for con- 
venience. To replace a sum by an integral we have 














b+4 





b 6 
LX f(m)= f(m)dm—f'(m)/24|. —. (1) 


a} 





It is valid to use this approximation provided that for 
every point within the interval, a<n<b 


f(n+4)—f(n—))—f' (nfl). (2) 


For f of the form 1/(exp(E()/kT+a)—1), ie. the B. E. 
integrand, it was found that if this criterion failed for 
one value of x in the interval (usually the lowest one) we 
could expect an abrupt accumulation of particles in the 
corresponding quantum state, and possibly a condensa- 
tion. If it failed for every value we could expect a 
gradual accumulation in the lowest state. 












THE GAS OF IONS IN A MAGNETIC FIELD, 
WITHOUT SPIN 





Consider an assembly of N particles of mass m, charge 
ein a cylindrical container of volume V, radius R, height 
L with a magnetic field H along the axis. It is assumed 
that the energy levels which the particles occupy are 
given by the strength of the magnetic field and dimen- 
sion L alone. Thus, we neglect electrostatic interactions, 
and ask: What is the behavior of this system as a 
function of the thermodynamic variables H and T? The 









1M. F. M. Osborne, Phys. Rev. 76, 396 (1949), hereafter re- 
ferred to as J. 
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energy levels are given by” 


E(1, mi, m3) = wH(2(1+3)+m+ |m|)+en? 
e=}?/8mL?,  w=eh/4armce. (3) 
Let 
g= weHR*/he. 


a is determined by 


—1 i) 00 

N= » Zz : ™ 1/(exp(E(/, nN, n3)/kT+«a)—1), (4) 

ny=—g l=0 n3=1 

where the limits of summation on m, the azimuthal 
quantum number are determined by correspondence 
principle arguments.” * / is the orbital quantum number 
and ; the translational quantum number for motion 
along the field. 


Definitions and Approximations 


In evaluating (4) we will utilize the following defini- 
tions (see Fig. 1): 


(1) U(p,a)=(1/T(p+1)) 


x 4 dsx?/(exp(s-+-a)—1) (5) 


= 2 exp(—aj)/jrt'. (6) 

(2) The temperature 71, below which we must write 

separately the lowest term (/=0) in the integration over 
I (failure of Eq. (2)) 


Tou=(N/VU(3, 0))§(H?/2amk). (7) 


To: is also the condensation temperature in the absence 
of a field.‘ 

(3) Toe is defined as the temperature below which, for 
1=0, we must write separately the lowest term (n3= 1) 
in the integration over m3. It is defined so that 


2gkT 02/3 = N, 


2 J. H. Van Vleck, The Theory of Electric and Magnetic Suscepti- 
bilities (Clarendon Press, Oxford, 1932), pp. 354, 358. 

3 L. Landau, Zeits. f. Physik 64, 262 (1930). 

‘ F. London, Phys. Rev. 54, 947 (1938). 


or 
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To2= 3eNhc/2rkeH R? (8) 
= 3h'Nc/16LV meHk. (9) 


Note that To2 depends on V/V, and also varies inversely 
as H and the dimensions of the system L in the direction 
of H. Roughly speaking T 2 is the accumulation temper- 
ature of a one dimensional problem (see Fig. 1 of J), 
where the phenomenon is complicated by the presence 
of a magnetic field. 

(4) Tx is defined as the temperature at which the 
spacing of the magnetic levels is of the order of magni- 
tude of the thermal energy, uxH/kTy=1. When this is 
true it is certainly no longer valid to integrate over any 
of the magnetic levels. Note that this circumstance is 
not realized abruptly but gradually, so that Ty marks 
off an accumulation band rather than an accumulation 
temperature. 

(5) For purposes of mathematical completeness 
rather than physical significance, we define a tempera- 
ture 7, at which the average kinetic energy is equal to 
the average spacing of the translational levels (€/k7T; 
= 1), and it is then no longer valid to integrate over any 
of the translational levels. 

(6) H, is defined as a critical field for which To:= To2 


H.=(N/V)*(U (4, 0))*3hen/8Le. (10) 


For H>H, the accumulations at To; and J 2 occur 
- separately. For H< H,, the two accumulations occur at 

the same temperature 79; (caseC). For H< H., To2.>To, 
and 792 is then simply a parameter by means of which 
the population’ of the lowest magnetic and higher 
translational states may simply be expressed as NT /T 2, 
an expression valid only for T< T91. 

Three other points should be noted in interpreting the 
formula which follows: 

(1) The approximate behavior of the U functions for 
small parameter values, summarized in J, especially the 
fact that for 


p=0, a0, U(p, a)—>—Ina, (11) 
p<0, a0, U(p, a)—a?. (12) 


(2) The behavior of a in the neighborhood of the 
accumulation temperatures. Generally speaking, when a 
lowest energy term Ejow has to be split off from an 
integration, in the separated term a—— Ejow/RT in just 
such a way that (a+ Ejow/RT) has the value to make the 
total population NV. This is the explanation for the ap- 
pearance of a+pyH/kT and a+pH/kT+<6/kT as effect- 
ive normalization constants. A slightly different way of 
putting point (2) is as follows: if we have a series of 
complicated terms for NV such as (14) or (17) which have 
a simple dependence on 7, and only one of which is 
sensitive to a, then those terms effectively independent 
of a have the given dependence of population on 7, and 
a is just such a complicated function of T to make the 
population of the term in which it does appear signifi- 
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cantly vary as V minus the rest of the terms. Thus, if a 
only appears effectively in one term, we do not have to 
solve for a to get the relative populations of the different 
classes of states. This point will become apparent from 
the summary below, and be very useful in evaluating 
expressions for the total and free energy. 

(3) In deriving the equations below, the lower limit of 
integration on m3 must be chosen with care. In (13) for 
example, the lower limit zero for m3 is a valid approxi- 
mation, in some of the others, a half integral value as 
dictated by (1) must be used. 


The Distribution of the Population 


We can now write the expressions for a in the different 
regions of Fig. 1 as follows: NV has been divided out so 
that the terms give the relative fractions of the popula- 
tions in the different classes of states. 


In region A 
1= (T/T)U (3, a)/U(3, 0), (13) 

valid for 
a> pH /kT<1, 


There is no accumulation in any particular class of 


states. 
In region B 


l= (27 n/T01)(T/T01)*U(—3, a+pH/kT)/U(3, 0) 
+(T/T1)!U(3, a+2H/kT)/U(3, 0), 


T>To1. 


(14) 
valid for 


e/kT<a+pH/kT, 


Since 


ax pH /kT<1, To2< T< To. 


U(, a+2uH/kT)~U (3, 9), (15) 
the two terms of (14) vary like 1—(7/7 1)!, (T/To1)}, 











Log Tf 


Fic. 1. (Schematic for Fig. 2.) Phase diagram for a gas 
of ions in a magnetic field. 
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these being the fractions of total population in ground 
magnetic and all higher magnetic states. From (14) we 
find 

ot pH /kT™(uH/kT)(T/T01)*KpH/kT. (16) 


In region C 


1= (37 1/27 02)/(a+bH/kT+/kT)+T/To2 
+(T/To)8U (3, at+2uH/kT)/U(%,0) (17) 
valid for 
—e/kT<a+pH/kT< &/kT, 
Tu< T< (the smaller of T1, To2) 


here also 


and the relative population of the states are 
1—(T/To1)'—T/Toz, T/To2, (T/To1)', 


in ground magnetic and ground translational, ground 
magnetic and higher translational, and higher magnetic 
and all translational states, respectively. Equation (19) 
is valid only if the first term is positive. Equation (17) is 
valid to the extent that (2/3)e/kT represents the inte- 
gral over m3 for /=0 in (4), which is only approximately 
true (best when |a+pH/kT|<e/kT). A detailed ex- 
amination of this approximation will show that T/T 2 in 
(19) indicates an abrupt accumulation in about the 
sense that To’ in Fig. 1 of J represented an abrupt ac- 
cumulation for the two-dimensional gas—perhaps not 
quite as abrupt. To, therefore, represents in Fig. 1 the 
center of a narrow accumulation band. 
In region C, D 
i= (3/2)(T t/T02)/(a+uH/kT+¢/kT)+ T/Toe 


+2(Tx/T1)(T/To1)* 


(19) 


(20) 
valid if 


wH/kT>1, —6/kT<a+pH/kT<¢/kT, T<Tu. 


This expression assumes that almost all the particles are 
in the first two magnetic states. This implies that 


U(—3, a+3uH/kT)= exp(—2uH/kT) 
=exp(—2Ty/T). (21) 


The relative population of ground translational and 
lowest magnetic, higher translational and ground mag- 
netic, and next lowest magnetic and all translational 
states are 


1-— T/To2.— (27 4/T02)(T/To1)* exp(—27n/T), 
T/To2, (2Tx/To2)(T/To1)* exp(—2Tx/T), (22) 


respectively. The first member of (22) must be positive. 
In regions D, and D: we have a determined by 


1= (2Tx/Tw)(T/T)'LU(—3, a+pH/kT) 
+U(—3, a+34H/kT)]/UG, 0). (23) 
This assumes the population is almost entirely confined 


to the two lowest magnetic states, which these two 
terms represent. There is no accumulation in the lowest 
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translational state as was the case in region CD. In 
region D,; we may use the approximation 


U(—$, at uA /kT)~(4/(a+uH/kT))}, 
U(—43, a+3yH/kT)~exp(—2uH/kT), (24) 


(a+pH/kT)<1, 
The relative populations are 


1—(2Tx/T01)(T/To1)* exp(—2Tx/T), 
(27 ”/T1)(T/To1)* exp(—2Tx/T). 


In region D2, the approximations (24) are not valid, and 
we must use exact expressions for the U functions, 

In calculating Eqs. (13)—(25), the second term of (1) 
is neglected. 


wH/kT>1. 


(25) 


The Total Energy 
We can also calculate expressions for the total energy 


U= pe Ei, ni, ns3)n(1, m1, m3) 


l, ny, ng 


No is Avogadro’s number, R the gas constant. 
In region A 


. U=(N/No)(3RT/2)(T/To1)'UG, «)/U(, 9). 
In region B 


U= (N/No)LRTx(1— (T/T 1)*) 
+ (RTT 4/To2)(T/To1)*U (3, a+ nH /kT)/U (G, 0) 
+(3RT/2)(T/T1)8U (§, a+ 2uH/kT)/U (3, 0) 
+2RT (T/T 1)?U (3, a+2uH/kT)/U(Z, 0)]. (27) 


In region C 


U=(N/No)LR(Tut+T 1) (1—(T/To1)!— (T/T 02)) 
+RTTx/To2 
+(34tRT/8)(T,/T)*(T'/To2)U (3, a+ wn /kT) 
+(3RT/2)(T/To1)?U §, a+ 2uH/kT)/U (3, 0) 
+2RT x(T/T01)*U (3, a+ 24H/kT)/U (5, 0)]. 


In region CD 


U= (N/No)CR(Tx+ T,)(1 = T/To2.— (27 x/T01) 
X (T/T 91)'U(—3, a+3uH/kT)/U (3, 0)) 
+RTT x/T 02 
+ (3at/8)(RT?/T2)(T ,/T)*U (3, a+ H/kT) 
+ (3RTx?/T01)(T/T 01)! 

XU(—4, a+3yH/kT)/U (3, 0) 
+ (34t/8)(RT?/To2) (T/T) 
XU (4, a+ 3yuH/kT) ]. 


In regions D,, Dz 


U= (N/No) LRT a(1—2(Tu/T01)(T/T01)* 
XU(—}, a+ 34H/kT)/U (3, 0)) 
+RT(Tu/To1)(T/To1)'U G, a+pH/kT)/U (3, 0) 
+6RT u(T/To1)*U(—3, a+3pH/kT)/U (3, 0) 
+RT(T/T1)*(Tx/To1) 


The same approximations as in the corresponding equa- 


(26) 


(28) 


(30) 
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tions for a also hold. The form of the above equations, 
when all the terms are written in the form const.x RT 
Xfunction of temperature ratios, is convenient when 
they are used with a diagram such as Fig. 1. Given an 
H, T point of interest, one can quickly estimate the 
values of different terms by reading the temperatures 
To1, 7'x, To2 at which a horizontal line through the H, T 
int of interest crosses the T1, JT or Jo line. 
Equations (26)—(30) may be substantially simplified 
and condensed by using the valid approximations for 
each set, especially the facts that for all regions but B 
and De, a+pH/kT is very small and U(p, a)~U(p, 0) 
for «<1 and p>0. However, they have been left in the 
form given so that the energy contribution of each type 
of level may be more explicitly identified, and the 
validity of the approximations more critically examined. 


THE GAS OF IONS IN A MAGNETIC FIELD, 
_ WITH SPIN 


The Relative Populations of the States 


Let us reconsider the above problem when it is as- 
sumed that the particles have an intrinsic magnetic 
moment y’, and a spin J. In that case, we have to sum 
over 27+1 additional levels u’H apart, in addition to 
the levels given in (3) above. The expression de- 
termining a aaaan 


v=D> ¥ g/(exp(E(o, ns, 1)/kT+a)—1) (31) 


l=0 ng=1 o=—I 


wah 
E(oa, nz, 1) =p'Ho/I+ ens?-+2(-+4) ull, 
e=}?/8mL2, w=eh/4ame. 


Note that m refers to the (arbitrary) mass of the particle, 
so that in discussing particular particles such as 
deuterons y’/yu is mot the conventionally tabulated value 
for the intrinsic magnetic moment, but the mass number 
times it. 

If all summations can be replaced by integrals, as will 
be the case so long as a>ywH/kT, (31) becomes 


N=(2I+1)V(2emkT)iU (3, «)/h'. (32) 


When a< H/T, it is no longer valid to replace the 
sum over the first terms of / by an integration. The 
behavior of @ in this circumstance is a little subtle, but 
strict attention to the criterion (2) for integration, 
together with the expectation that a will approach close 
to the negative of the lowest energy state divided by 
kT, will show that when it no longer becomes valid to 
integrate over the first term of the /-summation, it will 
no longer be valid to integrate over the first term of the 
o-summation either. Under these circumstances, splitting 
off the first term of the /- and o-summation, (31) gives 


i= ORATOR DTT VOC-% ao)/U(3, 0) 
+E (2uH/kT(2I+1))(T/T 0)! 


XU(—4, aot u'Ho/I)/U(4, 0))+ (T/T). (33) 


CONDENSATION 403 


In (33) we have the following definition. 7, is the 
condensation temperature in the absence of a field H. 
It is the solution of (32) for a=0. ag=a+puH/kT 
—p'H/kT is the effective normalization constant, and 
the first term of (33) is the only term sensitive to its 
value. It can be shown, as in the case of (16), that 
aoKpH/kT. This together with the fact that U(—}, ao) 
—~a~ will show that the terms of the summation in (33) 
are all small compared to the first term of (33). 

The three terms of (33) represent the following classes 
of states: 


(a) /=0, c=—T, lowest magnetic and lowest spin, all 
translational. 

(b) 7=0, c=—IJ+1 to +I, lowest magnetic and all 
higher spins, all translational. 

(c) =1 to ©, c=—TI to +J, excited magnetic, all 
spins, all translational. 


The approximate relative orders of magnitude of the 
populations of these states are (a) 1—(7/To.)}, (b) 
Order (u’H/kTI)* (small), (c) (T/To.)?. 


The Free Energy and Polarization 


We can now calculate the free energy F= U—TS and 
magnetic polarization P. For T>T o, and defining 
B=ypH/kT, B’=p'H/kTI, y=/kT 


F=—NkTat (gkT/48)(x/7)'L—(22+1) UG, a) 
— B?(2I+1)*U(—4, a)/24 
+6”U(—3, a)/24 
+?(2I+1)U(—3, a)/6]. 


(34) 
I 
In obtaining (34) we have expressed >> U($, a+’c) 
o=m—I 


as an integral, using (1), including the correction term 
and also expanded this U function as a Taylor series 


about a. 
For T< Tp), 


I 
F=—NkTa—gkT(x/y)iL ue U(}, a+ 6+’) 


I 
“ z U(3, a+28+ of’)/48 


I 
+8 2X U(—4, a+26+ of’)/24]. (35) 
The polarization, for T>To., is given by*® 

=—(0F/0H)./V, 
P=((x/)*u(2I+1)/V) 


[(2I+1)*(u'/ul)PU (—3, a)/48 
—(u'/uI)P?U(—3, «)/48—U(—3, a)/12] (36) 


5 See N. F. Mott and H. Jones, Properties of Metals and oe 
(Clarendon Press, Oxford, 1936), p. 204. 
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Fic. 2. Phase diagram for electron pairs. (A) 10” pairs/cm%, 
(B) 10'8 pairs/cm’, (C) 10!’ pairs/cm*. The Z dimension, along H, 
_ has been taken as 1 cm. 


and for T< To, 
P= (g(x/1)¥/V) © (aU, a+ B+ 08/28 
—(ut+p'o/T)U(—3, a+ B+ of’)/2 
— (2u+ p’o/T)U (2, a+ 28+ of’)/48 
—pU(—$, a+28+ of’)/12 
+ (2u+ w’o/I)BU(—§$, a+2B+ of’)/24]. (37) 
Limiting Form for High Temperature 


For high temperatures a>1, U(}, a)~U(3, a) 
~U(—}, a)exp(—a) and the polarization is, using 
(32) and (36) 


P=p"HN(I+1)/3TkRTV—NwH/3VRT. (38) 
For [=} 
P=Nyu"H/kTV—Nw?H/3kTV (39) 


and these two terms can just be interpreted as the spin 
paramagnetism and the Langevin diamagnetism as 
given by Maxwell-Boltzmann statistics, which provides 
a convenient check on our work. 

For T< T,,, the polarization is, using Eqs. (37) and 
(33) and neglecting quantities of order (uH//kT)! 


P=N(u'—p)(1—(T/Toe)')/V. (40) 


This expression has the quite plausible physical interpre- 
tation that there are N(1—(T/T»,)}) particles in the 
ground state of spin and circulation about the magnetic 
field, each of which contributes a positive magnetic 
moment yu’ and a negative (diamagnetic) moment yu. In 
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obtaining Eqs. (34)-(40) one has to include the correc- 
tion term of Eq. (1) in replacing sums by integrals and 
also must utilize the approximate expressions for the U 
functions with small parameter. 


Interpretation and Limitations of Formulas 


It is appropriate to ask at this point if the temperature 
To (or To., for particles with spin) is a condensation 
temperature or merely an accumulation temperature, 
such as T 2. In the limiting case of no magnetic field we 
know that Jo; is a condensation temperature. We also 
know that as the magnetic field increases and we go up 
along the 7 : line (Fig. 1) eventually we reach the Ty, 
band, in which we know there is a gradual accumulation 
in the ground magnetic state. Therefore, somewhere 
between 0 magnetic field and a magnetic field so strong 
that kTo:~uH, To: ceases to be a condensation temper- 
ature and becomes an accumulation temperature. How- 
ever, examination of the mathematics shows that it is 
fairly abrupt except in the immediate neighborhood of 
Ty. The exact problem of the field strength for which 
To: ceases to be a condensation temperature has not 
been examined, though one might conjecture that it lies 
near H.. 

In the case of the accumulation temperature Typ, it 
should be observed that it is a function of V/V as Nx 
but it also depends on how V—> because of the factor 
L. If the thickness of the specimen L>, JT —0, 
otherwise it remains finite. This again is an example of 
how statistical mechanics shows the dependence of 
thermodynamic properties on geometry. 

One can also point out here a limitation on the validity 
of the expressions derived above. It has been stated at 
the beginning that the magnetic field which determines 
the energy levels in which the particles move is H. 
Strictly speaking this is not true since the effective field 
acting on the particles is H.s:.=H—)P where dX is the 
depolarizing factor depending on the shape of the speci- 
men, but in any event is not greater than 47. However, 
it is valid to use H for Hess. if P is small compared 
to H. Now P, the polarization, was calculated to be 
~(Nu/V)(uH/kT) above the condensation tempera- 
ture To, and ~Ny/V below it. If this latter expression is 
small compared to the applied H then the condition of 
applicability is met. As will be seen in the discussion of 
the numerical examples, this is the case for most prob- 
lems of interest. u~10-* for electron pairs, and y~10-" 
for deuterons. For these examples the number of 
particles per unit volume has to be greater than 10”, 
10, respectively, for the theory to fail for fields less than 
one oersted. 


Experimental Methods 


We might now make a few remarks on the most 
suitable way in which these effects could be detected by 
measurement. Evidently, the orders of magnitude of the 
polarizations below and above the condensation tem- 














WORK FUNCTION OF COPPER 


measurement intervals. These procedures have given 
work functions reproducible to a few centivolts in the 
initial readings and drifts with aging which are so slow 
that the initial readings can probably be taken as 
characteristic of clean. copper. 


TUBE DESIGN AND EXPERIMENTAL PROCEDURES 


The experimental procedure, insofar as it involves 
modifications of our previous techniques,' may be 
described in connection with the design of the measuring 
tube, Fig. 1. The target on which the films of copper and 
barium are laid down is a glass drum pivoted on glass 
bearings and operated as a pendulum. The “measuring 
position” at which the freshly deposited metal film is 
centered over the electron gun is the equilibrium posi- 
tion to which the pendulum returns automatically 
whenever it is released. When a film of either metal is 
to be deposited, the drum is rotated to the appropriate 
position by traction of a small Alnico magnet on the 
glass-enclosed armature. Friction in the bearings damps 
the pendulum oscillations sufficiently to bring the 
target to rest a second or two after release; the deposi- 
tion-measurement interval is thus reduced to the time 
required for bringing the galvanometer to the selected 
reference reading. The drum serves the important 
purpose, also, of isolating the vaporizing compartments 
from each other and from the electron gun, i.e., of 
preventing contamination of the copper charge or gun 

.by the barium. The glass spindles of the drum were 
sealed on with the aid of a glassblowing lathe to insure 
constant target-gun geometry at all positions of the 
target. 

The barium vaporizing assembly, which provides 
fractional distillation of the metal and redistillation of 
the fractions used for preparing the measured surfaces, 
was similar to that employed in previous investigations 
of this series. The first copper vaporizer was designed to 
handle a relatively large charge (order of 1.0-1.5 g) of 
the metal without excessively heavy current leads and 
with reasonably high efficiency in terms of the ratio of 
distillate intercepted by the second vaporizer to the 
total quantity of copper vaporized. The usual horizontal 
tungsten foil boat is not satisfactory for this purpose; 
the fused copper flows along the foil and shorts most of 
it out. 

The outgassing schedule, involving prolonged baking 
of the tube at 450°C before introduction of the metal 
charges, another extended bake at 350°C after charging, 
and repetitive high frequency treatment of all metal 
parts, was similar to that used for silver.* The treatment 
of the barium followed the procedure described in our 
recent report on lithium.’ The copper used in this work 
was Hilger’s spectroscopic material, Lot No. 10300, 
which was supplied with an exceptionally complete 
analysis showing 0.004 percent oxygen and 0.0007 
percent iron as the only impurities present in amounts 


3 Reference 1, 1941 paper. 
‘Paul A. Anderson, Phys. Rev. 75, 1205 (1949). 
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exceeding 0.0001 percent. During the outgassing of the 
tube and before seal-off, the copper charge was melted 
down five times. After seal-off, alternate fusions and 
solidifications of the copper interspersed with similar 
treatments of the barium were continued until ap- 
proximately half of the charges had been vaporized. 
Since copper vaporizes rather slowly at temperatures 
slightly above the melting point, thirty-five fusions were 
included in this stage of the outgassing. The second 
vaporizers were flashed to remove the discarded frac- 
tions of copper and barium before proceeding with the 
measurements. The current through the first copper 
vaporizer was then increased to a value which was high 
enough to give a suitable deposit on the second vaporizer 
in about ten minutes, that is enough copper to form an 
opaque film on the target when the redistillation was 
carried out. As each new film of copper was deposited 
on the target it was measured as quickly as possible, 
usually within ten seconds of its deposition, and then at 
intervals of one minute to establish the rate of drift 
of the work function with aging. This procedure’ was 


















































Fic. 1. Tube for measurement of contact difference of potential 
between vaporized films of Cu and Ba. Side view of complete tube 
above and of target section, rotated 90°, below. First Cu vaporizer 
A is 1-mil Ta foil 6-mm wide. Second vaporizers R of 1-mil Ta 
foil. Target T is Pyrex drum with 60-mil tungsten spindle rotating 
freely in nickel bearing K. Contact to metal film is by 20-mil Pt 
wire C embedded in face of drum. M is glass-enclosed soft iron 
armature. For detail of electron gun G and first Ba vaporizer B, 
see reference 1 of text. All leads 60-mil tungsten. 
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repeated until the copper charge on the first vaporizer 
was exhausted. A succession of barium films was then 
deposited on the copper and measured in like fashion. 
The electrical circuit used in these measurements has 
been described previously.‘ 


THE CONTACT DIFFERENCE OF POTENTIAL 
BETWEEN COPPER AND BARIUM 


The results to be described are based on measure- 
ments on fourteen copper surfaces and eight barium 
surfaces, prepared as described above. The retarding 
potential required to establish the reference electron 
current to the target in the measurement taken im- 
mediately after the deposition of a new film is referred 
to hereafter as the “initial reading.” The barium films 
gave, as usual, initial readings which were consistently 
reproducible to 0.01 volt or better and constant to 0.01 
volt for periods of hours or even days after deposition. 
The serial numbering of the copper surfaces, running 
from 1 through 14, conforms to the order in which these 
surfaces were prepared from successive fractions of the 
distillate. Copper films 1-4 inclusive gave initial 
readings which varied at random by amounts corre- 
sponding to an extreme variation of 0.24 ev in the work 
function, a reproducibility markedly better than that 
obtained in our earlier unpublished measurements but 
still far from satisfactory. In films 5-8 a regular trend 
in the initial readings, corresponding to a progressive 
increase in work function totaling 0.18 ev appeared. 
This trend then disappeared; films 9-14 gave initial 
readings which again varied at random but over a 
range of only +0.03 ev. The contact difference of 
potential Cu— Ba derived from the mean of the initial 
readings on films 9-14 is 1.94+0.03 volts, copper 
negative to barium. 


THE WORK FUNCTION OF COPPER 


Neglecting deviations which arise from the Maxwell 
tails of the Fermi distributions and which are well within 
the limits of experimental error at room temperature, 
the difference between the work functions of two metals 
is equal to the contact difference of potential between 
them, multiplied by the elementary charge. Addition 
of our value for the contact difference of potential 
Cu—Ba to 2.52 ev, the work function of barium,5 yields 
the value 4.46+0.03 ev for the work function of copper. 
This value is to be taken as representative of the 
present work. Previously reported values® for the work 
function of copper range from 4.1 to 4.5 ev. The 
thermionic measurements of Goetz,’ probably the most 


5 N. C. Jamison and R. J. Cashman, Phys. Rev. 50, 624 (1936). 

6A. L. Hughes and L. A. DuBridge, Photoelectric Phenomena 
(McGraw-Hill Book Company, Inc., New York, 1932), p. 75. 
7A. Goetz, Zeits. f. Physik 43, 531 (1927). 
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careful and thorough of the earlier investigations, gave 
4.38 ev. It is interesting that this range of values, ob- 
tained in seven independent studies by a variety of 
methods and techniques, coincides almost exactly with 
the range of values obtained in our measurements on 
copper films 1-14, namely 4.04 to 4.49 ev. Our observa- 
tioris on the variation of the work function with the 
aging of freshly deposited copper films, described below, 
show in every case a trend toward lower work function 
and suggest that the work function of completely clean 
copper films deposited on glass at room temperature is 
probably close to 4.50 ev. 


EFFECTS OF GASEOUS CONTAMINANTS ON THE 
WORK FUNCTION OF COPPER 


We are concerned here not only with the initial 
readings on newly formed copper surfaces but with the 
behavior of these films on aging. The results of some 
two hundred measurements on the fourteen copper 
surfaces may be summarized as follows: (1) The first 
films to be deposited, characterized by poor reproduci- 
bility in the initial readings, showed a relatively rapid 
drift toward lower work function on aging. Film No. 1, 
the extreme example of drift, gave a work function of 
4.32 ev ten seconds after its deposition, 4.27 at one 
minute, 4.23 at two minutes, 4.12 at eight minutes, and 
a slower drift thereafter. (2) Improvement in the 
reproducibility of the initial reading was accompanied 
by a striking decrease in both the rate and magnitude 
of the drift. Film No. 10, typical of the 9-14 group, 
gave an initial work function of 4.47 and successive 
readings of 4.47, 4.47, 4.47, 4.46, and 4.46 at one minute 
intervals without further drop within 12 minutes. (3) In 
no case was a drift toward higher work function ob- 
served. These observations seem to bear out the ten- 
tative conclusions reached in our earlier unpublished 
work, namely, that traces of gas retained by a copper 
charge through a series of fusions and solidifications are 
evaporated with the copper and are then reabsorbed by 
the condensed film. In the present measurements, the 
quantity of gas left in the copper charge on the first 
vaporizer appears to have been reduced to negligible 
proportions only after most of the copper had ‘been 
evaporated. The fact that the residual gas, presumably 
oxygen, lowers the work function suggests further that 
solution in the condensed copper film rather than per- 
manent adsorption on the surface is involved. It is well 
known that oxygen adsorbed on a clean tungsten surface 
raises the work function and a similar behavior would 
be expected of copper if the oxygen remained on the 
surface as an adsorbed film. 

I am indebted to Mr. Frank Peters, departmental 
glassblower, for the skill and care which he has given to 
the construction of the tubes used in this work. 
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It is shown in the present paper that the supplementary condition in quantum electrodynamics can be 
satisfied identically without eliminating the longitudinal components of the electromagnetic field, provided 
certain rules on the summation over the polarizations of the photons are observed. The result is shown to be 
identical with that obtained by the usua! method in which the longitudinal field is eliminated. This simplifies 
greatly the calculation since no separate treatment of longitudinal and transverse fields is needed. 





ECENTLY Tomonaga,! Schwinger,? and others 

have succeeded in formulating quantum electro- 
dynamics in a completely co-variant form. As in cus- 
tomary formulations, these authors showed that the 
longitudinal components of the electromagnetic field 
can be eliminated, and thus insured the identical satis- 
faction of the supplementary condition. As a conse- 
quence of this elimination, the application of the theory 
becomes very much involved, since one has to deal with 
the transverse field and the coulomb interaction sepa- 
rately for each virtual transition. On the other hand, 


it has been pointed out by Feynman’ that one can treat. 


the longitudinal and transverse fields on the same foot- 
ing by dealing with four different polarizations of vir- 
tual photons and also obtain the correct results. The 
‘Coulomb interaction is thus replaced by virtual emis- 
sion and re-absorption of longitudinal photons. This 
simplifies tremendously the calculations since no sepa- 
rate treatment of longitudinal and transverse field is 
needed. It is the aim of the present paper to derive this 
new method from the formalism of Tomonaga and 
Schwinger. Only the case of spin-} particles interacting 
with the electromagnetic field is considered in the 
present paper. 

It is perhaps of interest to mention here that as long 
as one is concerned only with the rigorous solution of 
the problem, the supplementary condition can be in- 
cluded in the initial condition‘ and will then be auto- 
matically preserved after the initial state of the system 
has been specified correctly. However, if the Schrodinger 
equation is solved by perturbation methods, a special 
treatment (such as the elimination of the longitudinal 
field) is needed to insure that the supplementary condi- 
tion is satisfied by the approximate solution at all 
stages of approximation. 


* Now at University of Wisconsin. . 

1S. Tomonaga, Proc. Theor. Phys. 1, 27 (1946); Koba, Tati, 
and Tomonaga, Proc. Theor. Phys. 2, 101, 198 (1947). 

? J. Schwinger, Phys. Rev. 73, 416 (1948); 74, 1439 (1948). 

*R. P. Feynman, Phys. Rev. 74, 939, 1430 (1948); and several 
papers still in the course of preparation. 

‘This follows from the fact that the supplementary condition 
and the Schrédinger equation are represented by operators com- 
muting with each other. For earlier non-covariant derivation of 
the result see E. Fermi, Rev. Mod. Phys. 4, 131 (1932) ; W. Heitler, 
The Quantum Theory of Radiation (Oxford University Press, 
London, 1944) §6. 


The first part of the present paper deals with the 
elimination of longitudinal field which is essentially not 
much different from that given by Koba, Tati, and 
Tomonaga.' The second part consists essentially of un- 
doing the elimination, preserving, however, the identical 
satisfaction of the supplementary condition achieved in 
the first part. It seems that there should be a more 
direct way of obtaining the same results without fol- 
lowing the round-about way of eliminating and then 
restoring the longitudinal field. The present derivation, 
however, shows the connection between Feynman’s 
method and the conventional one in which the long- 
tudinal field is eliminated. . 

In the following calculations the same notation as 
that of Schwinger’s paper is used except that here in 
addition the unit h=c=1 is in use. Therefore no de- 
tailed explanation of terms and concepts is given here 
that have been explained clearly in Tomonaga and 
Schwinger’s papers. The state vector Y[o | of the system 
of electronic and electromagnetic fields satisfies the 
following generalized Schrédinger equation: 

bV[o] 
i = —ju(x)A,(x)¥Lo] (1) 
da (x) 


and the supplementary condition 


A, 
- ~. J Die—x!)jg(a io,’ |Wle]=0. “4 


OXy (z) 


A,(x) can be expanded into the following Fourier 
integral 


. i (kz) * i (kx) os 
A=, f [An (iet+4,%(H)eH0) (3) 


where (kx) = koxo— kix1— Rove—k3x3, x,=(t,r) being the 
coordinates of any point in the space-time, and A,(x) 
=(¢(¢,r), A(i,r)) is the four-vector potential of the elec- 
tromagnetic field. o(~) denotes an arbitrary space like 
surface passing through the point x, and V[c] is 
understood as a functional of . The meaning of other 
notations can easily be found in Schwinger’s paper. 
A,(k) and A,*() are g-numbers satisfying the following 
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commutation relations ((A,B]=AB—BA) 


[Ao(k),Ao*(k’) ]= —3h5(k—Kk’) 
[A(k),A*(k’) ]=3R6(k—Kk’). (4) 


Introduce for each value of k, the following coordinate 
system: x, along any time-like direction, x; and %2 
perpendicular to each other and to both x, and k, and 
x3 forms the fourth perpendicular direction which is 
parallel to k, the space component of k,. Let n,‘“ be 
unit vectors in the direction of x2(a=0,1,2,3) referred 
to any fixed coordinate system in the space-time. For 
different values of k,, the directions of n,““)(k) are 
different. Introduce further the following two zero 
vectors: 

my (k) = 1/V2[n, (k)+-n, (k) J, 
my (k) = 1/N2[— my (k) +14 (R) J. (5) 
It can easily be verified that (nn) = (nn) =0 and 
(n®n©)=—1. A,(k) can then be written 
AB =m PAVE +m, PAME)+A NE, — (6) 


where 
Ay'(b) =, A(R), 9A (E) 
=n,A(k)+n,OA(R), 


and in coordinate space 


(7) 


A, (x)= A, (x)+A,y(x)+A,'(x), (6a) 
and 
A,' (x)= A, (x)+A, (x) 
=A, (x)+A,(x), (7a) 
where 


Ay(2)= fng'(H)A Reo 
— @k 
siaililiaciiaat (a=0,1,2,3,x,2). (8) 


It can be shown from (4) that A(R) satisfy the fol- 
lowing commutation relations 


[A@(k),A*(k’) ]=3g@k5(k—k’) (a=0,1,2,3), 
[A(k),A*(h’) |= —Zkd(k—k’), 
[A*(k),A©(k’) |= —pk6(k—k’), (8a) 


(other commutators vanish) where g‘*)=—1 when 
a=0 and g=1 when a=1,2,3. This difference in 
sign of g is important since it follows from (8a) that 
A*(@)(k) should be considered as emission operator and 
A‘(k) as absorption operator when a0, whereas 
A (k) should be considered as emission operator and 
A*(k) as absorption operator. This important fact 
should be borne in mind when applying Feynman’s 
method. 

The supplementary condition.(2) will be satisfied if 
V[c] is of the following form 


VLo]=e*lQ{o], (9) 
where Q[] is independent of A“)(k) and A*(k), i.e., 
AM(K)Ofoe]=0, A*(K)Ofe]=0, (9a) 
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and 


xLo]= f Jul)A yp (x!)dx’. (10) 


It should be noted that x contains operators at point 
x’ which is on the past side of «, whereas Q[¢ ] on which 
x is operated depends only on a. One way of specifying 
the operation is to integrate x with respect to x’. One 
finds readily 


“a f jn(x)B(x)dory, (11) 


where 


0 
—B(x)=A,“(), 


Xp 


(12) 
or 


B(x) =1/(2n)! f iLacyet 
— A*()(R)e~*2) |BR/R?. (12a) 


Then x contains only operators referring to o. An 
alternative way to specify the meaning of the operation 
is to follow the procedure of Dirac® who defines 

Jule’ )A,® (x') Lo ]= ju(x’) Ay (@’)SLo 30" JQ[0’] (13) 
where o’ is a space like surface in the past side of o and 
passing through the point x’. S{o;o’] is an unitary 
operator transforming a solution Q[o’] of (1) at time 
a’ to the same solution Q[¢ | at time o. S[.c,o’ ] may con- 
tain other operators such as 7,(%’’)A,‘*(x’’), therefore 
care must be taken not to disturb the original order of 
different operators unless they commute. These two 
ways of specifying the meaning of operation are, of 
course, equivalent—at least in the following calculation 
only such properties of x are used for which the equiva- 
lence of (10) with (11) is obvious. 

Since from (6)-(8) 


0A ,/0%,=0A,/dx,= 1/(2n)' fA (R)eie2) 
—A*(k)e—*h2) Bk/k, 
and 
x= f julat)da! f ng (BLA 
" +A* (he?) WPR/k. 
It follows from Eq. (8) 


ad,/axix= f julal)aa!-3 f ayLerer=9 
sacs fe-i&. 2-2) |BR/k 
J 0 
= file) —Dee—2)e 


—o Xu 


7 f js(x!)D(x—a')do,’, (14) 


g 


5P. A. M. Dirac, Rev. Mod. Phys. 17, 195 (1945). 
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where (k,x— x’) = Ro(xp— x0’) —k- (x—x’). If Of] is in- 
dependent of A“)(k), and A*“(k), or in other words, 
independent of A “*)(x) then using (9a) 


(0A ,/dx,)e*OLo]= | jy(x’)D(x—x’)do,’e*O[o]. (15) 


¢ 


This verifies that the supplementary condition is satis- 

fied identically if (9a) is satisfied, i.e., if Ofc] is inde- 

pendent of A ‘*)(«). It must now be shown that an O[¢ ] 

independent of A‘*(x) is allowed by the Schrédinger 

Eq. (1). ; 

It follows from (10) 

e'xi(5/da)e**OLo |= 1(5/5c) Qo] 

—ju(x)A,(x)Q[e]. (15a) 


Since 


[Cis@), jul) o,!=0, (15b) 


j,(x’)do,’ may be considered as commuting with 7.(x). 
Then with the help of the commutation relations 


(8a), it follows 
(a=1,2,x). (16) 


The following identity can easily be verified to be true 


xj, AyMeix= j,A, 


e*x7j,A wet =j,A p— [x.juA a) 


1 
ty boloind eT) 


1 
Geb jnd wT — (17) 


From Eqs. (4), (12), and (15b), it follows, after some 
calculation, 


aie OJ — J jul \jal)Ly(e—x")doa’, 


d’k 
t,2-2)= fm Omleertemry— (8) 


It also follows from Eqs. (15b) and (18) that 
Lb juAy J]=0. 


Therefore, all the terms except the first two on the right- 
hand side of Eq. (17) vanish identically. Application of 
Eq. (17) on Qe] gives further 


xj, AyMe*O[o J= — j,A,xOLe], (19) 


on account of the condition (9a). Finally the Schrédinger 
equation for Q[¢] obtained by inserting (9) into (1) 
and using (15a), (16) and (19) is given by 


62 ¢ ] 


Fi 


yA yO oe J+jAuxLo OLo 
5o(x) An Oo ]+j,4,.xLo Joe], (20) 


r=l, 


or, on inserting Eq. (18), 
bo] 


i =— 


yA, Oa] 
5o(x) =a 


+ | julx)ja(x’)£,(x—x’)doq'Qo]. (21) 


It is seen that the operators on the right hand side of 
(21) are independent of A“(k) and A*“(k). This fur- 
nishes the proof that (9a) is always satisfied if it is 
satisfied initially. 
Equation (20) can be written in the following form 
6Q|.¢ 
v : sy (x)2Lo], 
5a (x) 


A (x)= Hy(x)+H2(zx), 
Ay(x)=— L ju(a)A a(x), 


(22) 


(23) 
(24) 


He(x)=—(—1)%j,(2)A , (2) f ja(2”)B(x"\dou’. (25) 


Following Schwinger and Dyson,® the solution of (22) 
can be written down immediately: 


‘ OLe ]=SLo]Q%, 
Slo ]= 1-if Hy (x)dx, 


—oo 


(26) 


+(-If Medén [ He)azet soe, (27) 


—00 


The general term of Eq. (27) can be written: 
(—i)" f H(x,)dx, f Hleddey--: f H(xq)dxn, (28) 


where the limits of the integrals have been omitted, it 
being understood that the integration of each factor 
H(x) is from — © toa space-like surface passing through 
the variable point x” of the factor H(x’’) just in front 
of H(x), with the order of the H’s according to the order 
of time. 

On inserting Eq. (23), the integrand of (28) can 
further be expanded into different combinations of 
products of factors H; and Hp». Consider first the terms 
of (28) which contain H, only and which contain 
no virtual emission and re-absorption of photons. (This 
does not exclude the processes in which a transverse 
virtual photon was emitted but has not been absorbed 
at time a.) One of these terms can be written in the 
following form 


I,= (—1) » f acenae, 
x f HiGendey : [Hedda (29) 


6 F, J. Dyson, Phys. Rev. 75, 486 (1949). 
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Let J,,(z) be another term of (27) constructed from (29) 
by adding a factor /-H2(x’)dx’ between f-H,(x;)dx; and 
SA (xi41)d%i41 ° 


I,)= (im fied f Halen os 
x f Haledas: [5,(04,@)de 


x [fale BCe’\doe! f Aieusddeaa- 
o(z’) ‘ 


x f Hy(%n)dxn. (30) 


Now since [A, (x’),Hi(x) ]=0 and because of Eq. 
(15b), the added factor commutes with all the other 
factors of Eq. (30). By using the following identity 


ct 


fileB do i’= fjnle’dA Ode 
oj Ci+1 
“7 J u(x’) B(x’) do" is, rs) (31) 
oi+1 
it can easily be seen that 
o(z’) 

fi jnloyBeerrde! [— Hawasddnis 
o(z') —o0 

o(z’) o(2!’) 

-f jalet")A ("de f Fy (x iy1)dxi41 


o(z) 
4 f ave f ja(x’)B(x’)doo!. (32) 
—2 Fi+1 


This relation can be used repeatedly to push the surface 
integral in Eq. (30) to the right side of the last factor 
JS Hi(x,)dx, and then replace it by a volume integral 
Eq. (10) integrated from minus infinity to o,. The final 
expression of Eq. (30) will contain no surface integral 
and is given by 


I,()= Ef mieadén: f teers aE 
x f Bale dae, [5.04 @)dy 


x f Haleeaddrin ° + [ine Ao(erar" ve 
x [Halen)drn, (33) 


where >) means summation over all possible posi- 
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tions of {'j,(x’’)A“(x’’)dx”’ between {-Hi(x;)dx; and 


S Ay %n)dxn. 
It will now be shown that the contribution due to 


the factors 
f jn()A, (x! )de!, f jul@e")A(O(2")dx"” (34) 


in Eq. (33) represent just the virtual exchange of longi- 
tudinal photons between o’ and o”’. Since from (7a) 
Ay (2) +A, (2) = Ay (2) +4,(2), 


it follows from the commutation relation that 


Ay (x’)A a(x") +A pe) A a(x") 
=A, O(x')Aa 2") +A, (2) Aa® (x) 
= 2 Ap’): Do Aaa"), 


s=0,3 t=0,3 
A, (x)Aa™(x’’) vanishes identically because of the 
condition (9a). The above equation becomes 


A,(a')Aa (x)= Y Ay(#’)> 2 Aa(X"). (35) 


t=0,3 


Therefore, the two factors (34) can be replaced by 
J Gul@ Ue’ Ay (x’)de’, 
J Jul@") Qe’ Ay(x")dx” — (36) 


respectively, where the summation >)’ is from 3 to 4. 
Now from (27), new groups of terms can be picked out 
which contain only H;-factors and represent the same 
processes as (29), but in addition there is a virtual 
exchange of transverse protons between o(x’) and o(x’’). 
It is easily seen that the contribution of this new group 
of terms is just to replace >>’ by another summation 
over all polarizations from 0 to 3. 

So far only terms involving one pair of virtual 
emission and reabsorption have been considered. Let 
I,(i,j) ,be another term of (27) constructed from (29) 
by adding two H--factors in the following way: 


In(i,j)=(—iy™4 f H(a:)de-+- f Hi(x)dx; 
x [ jolee’A, (ay! \dar! f jolxs!”)B(xe!)dosg!”- + 
o(zb’) 


x f Hilx,ax,; J Jule! p (tte? )dae! 


x f Jala”) B(%q"")\doaa’*** f Hi(xn)dxn. (37) 
o(zq’) 
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It follows from Eq. (15b) that j,(%a’)dxa’ and 7,(x»’)dxy’ 
commute with each other and also with all the other 
current vectors in Eq. (37). The operators A,“ (x,’), 
B(xa!"), Ay“ (xe'’) and B(x’) commute with all the 
other operators in Eq. (37). It is seen from the foregoing 
result that the B’s represent the emission operators of 
the longitudinal photon* and the A,’s represent the 
corresponding absorption operator. The order of these 
operators in (37) shows that A,“ («,’) absorbs only the 
photon emitted by B(x.) and A,“(x’) absorbs only 
the photon emitted by B(x”). If the order of B(x,’’) 
and A,“(xq’) is changed, new possibility arises that 
the photon emitted by B(x’) may be absorbed by 
A, (%a’), which process is not included in (37). This 
situation is avoided if the photon emitted by B(x”) is 
marked so that it cannot be absorbed by A,“ (x,’). 
This amounts formally to considering the pairs A, (x.’), 
B(xq’’) and A,“ as’), B(x’") as emission and absorption 
operators of two different kinds of particles a and 6. 
This is the same as the rule introduced in Dyson’s 
paper to group the operators into pairs with operators 
in different pairs commuting with each other. According 
to this rule the factor N* and (N-+-1)? of the matrix 
elements of the emission and absorption operators 
under customary convention should now be replaced 
by unity, where N is the number of photons in the same 
state. This reduction in the strength of the operators 
will be compensated exactly by the increase in the 
number of precesses due to different permutation of the 
order of the operators. 

If the new rule is used, the argument that leads from 
(30) to (33) and (34) can be applied without any 
modification in the present case. Therefore Eq. (37) 
becomes 


I,(i,j)=(—1)"# Es f medde f Miledder “3 


x fH ease + [Gadd ve 


x f H' (xp')dx,' +++ f H' (xy"")dxy""+ + « f Hy(xn)dxn, 


H'@)=Djn)A), (38) 


where the summation }_, is taken over all the positions 
of the four H’(x) factors among.-all the other H;(x)- 
factors. It should be understood that H’(x.’) and H’ (xa’’) 
form a pair of virtual emission and absorption operators 
and H’(x,’) and H’(x’’) form another pair whereas all 
the other H,-factors contribute no virtual emission- 
reabsorption process. 


*The vacuum has been considered as free from longitudinal 
eg Actually from (9a), vacuum should be considered as 

aving an indefinite number of longitudinal photons. However 
this makes no difference on final results as far as virtual processes 
are concerned. 
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The above result can easily be extended to the case 
when more than two pairs of virtual emission-absorption 
occur. It will not be difficult to see that terms con- 
structed from Eq. (29) in this way will eventually in- 
clude all the terms of Eq. (27). The general procedure 
of solving Eq. (22) can now be stated as follows: 

First solve the following Schrédinger equation 


60[o ] 
=H(x)Q{o], H(x)=— DeeGrA,™, 
5a(x) 


with the summation unspecified and obtain the follow- 
ing formal solution 


(39) 


Oo ]= Slo ]Q 


S[o]=1-if Haddet(—i [A ea)ae 


xf H (x2)dx2+ ee +(-i" [mendes 


2 


x fi meenase . f aie: Gil 


—o 


Then the summation is specified as taken over all 
transverse and longitudinal polarizations for all the 
processes in which a photon has been emitted and then 
reabsorbed, and taken only over the transverse polariza- 
tions for all the other processes, namely, the processes 
in which either a real photon is emitted or absorbed or 
a virtual photon has been emitted but has not yet been 
absorbed. Equation (40) satisfies the supplementary 
condition identically even when a finite number of 
terms of S[o] are used as in the usual perturbation 
theory. 

It should be noted that although emission and re- 
absorption of longitudinal photons can be considered 
as actually taken place in the past, the explicit expres- 
sion of Slo] does not depend on the variables of the 
virtual longitudinal photons, as should be the case 
according to the condition (9a). In other words, no 
virtual longitudinal photon should be considered as 
existing at the present. On the other hand since the 
processes in which a transverse photon has been emitted 
but has not yet been absorbed are also included in Eq. 
(40), the expression of S[o] should therefore also de- 
pend on the variables of these virtual transverse pho- 
tons. If however a is put equal to infinity in Eq. (40), 
this remaining distinction between longitudinal and 
transverse virtual photons will disappear completely. 
S[« ] is just the representation used by Feynman. 

It should further be pointed out that, strictly speak- 
ing, % in (40) should satisfy the following condition as 
required by Eq. (9a): 


A(k)Q=0, A*(k)Q=0. (41) 








4 
Ye 
a 
. 
; 
5 
fi. 
13 
id 
i] 
€ 
Ke 
i 
5 
4 
4 
% 
* 
i 
4 
& 
id 
3 
é 
4 
: 
2 
i 
¢ 


396 Ma s RE: 


Now can be put into the following form 
N= N95” 
where Q’ depends only on the variables of the trans- 
verse photons and 9)” depends only on those of the 
longitudinal photons belonging to the vacuum. Equa- 
tion (41) becomes 
A(R)Q)”=0, A*O(R)Q)”=0. (42) 


Since,.as pointed out in the footnote before, the solu- 
tion Eq. (40) does not depend on the exact form of 
0”, the factor 2” can simply be omitted from Eq. 


OSBORNE 


(40). This means that instead of choosing to satisfy 
Eq. (41), one can simply consider it as independent of 
the variables of the longitudinal photons. In other 
words, vacuum is considered as containing no longi- 
tudinal photons at all. This is just the convention 
adopted in the usual treatment in which the longi- 
tudinal field has been replaced by the Coulomb 
interaction. 

In conclusion, the author wishes to express his thanks 
to Professor Bethe for helpful suggestions and discus- 
sions and also to Professor Feynman for detailed ex- 
position of his theory before publication. 
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The distinction is made between a condensation temperature in the thermodynamic sense, where the 
thermodynamic functions have a discontinuity, and an abrupt accumulation (in the statistical mechanical 
sense) of particles in the ground state of a system. The criterion for the latter is that an integral will not 
approximate one term of a sum. The problem of a thin film of gas is solved to illustrate this distinction. For 
films thicker than a critical thickness a condensation occurs at the same temperature as that for bulk ma- 
terial. The thinner films are effectively two dimensional and have an abrupt accumulation temperature lower 
than the bulk condensation temperature. Films of liquid helium are briefly considered. 


INTRODUCTION 


ONSIDERABLE interest has been provoked by 
London’s proposal' that the A-phenomenon of 
helium is a Bose-Einstein condensation, or accumulation 
of a finite fraction of all the particles in the ground state 
of a potential hole of macroscopic dimensions. Tisza? has 
extended this suggestion to discuss helium in terms of 
the hydrodynamics of a two-fluid system, and more re- 
cently Ogg* has proposed that phenomena which he has 
observed in metal-ammonia solutions and possibly also 
the phenomenon of superconductivity might be ex- 
plained by the condensation of a gas of electron pairs 
formed from the free electrons of the material. It is the 
purpose of this paper to examine in some detail the 
conditions under which these condensations occur and 
to discuss some examples of physical interest. The 
particular examples we shall discuss are: (1) Three- 
dimensional gas of uncharged particles in a thin film, 
(2) Two-dimensional gas, and in a subsequent paper (3) 
Gas of charged particles in a magnetic field, neglecting 
electrostatic interactions. 


Condensation and Accumulation Temperatures 


In classical thermodynamics a condensation tempera- 
ture implies a discontinuity in one of the thermodynamic 


1F, London, Phys. Rev. 54, 947 (1938). 

2L. Tisza, Phys. Rev. 72, 838 (1947). 

3 R. A. Ogg, Preliminary Report to ONR, “Electronic Processes 
in Liquid Dielectric Media. The Constitution of Metal Ammonia 
Solutions.” April 11, 1948, p. 20. 


functions which describe the system. Such discon- 
tinuities are also described by phase changes of first, 
second, third order, depending on whether the function 
or one of its higher derivatives becomes discontinuous. 

From the standpoint of statistical mechanics we shall 
define an accumulation temperature 7» as a temperature 
at which a finite fraction of all particles begin to ac- 
cumulate in just one state or set of states with the same 
energy. By “finite” fraction we mean less than, but not 
a great deal less than unity, or very. much greater than 
1/N, N being the total number of particles. We can 
speak of an “abrupt” accumulation if the fraction in a 
given state changes from “‘small’’ to “finite” in a small 
temperature range AJ<T>. Such finite fractions can 
usually be expressed as 1— (T/T )", T< To. We speak of 
a gradual accumulation if it occurs over a range ATT». 
Only in the first case would it be appropriate to speak of 
a well-defined accumulation temperature, in the second 
case one might speak of an accumulation temperature 
band. Consider the expression for V, the total number of 
particles in a Bose-Einstein assembly. 


N= ‘® 1/(exp(E(k, 1, m)/kT+ a) — 1) 


= } f(E(k, l, m), Qa, r) (1) 


k, l,m 


where k, 1, m are quantum numbers specifying the level 
of energy E(k, /, m) and a is defined implicitly as a 
function of T by this relation. 
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If the value of >ox,1,mf(E(h, /, m), a, T) can be re- 
placed by f/f fdkdldmf(E(k, |, m), a, T) there is no 
accumulation of particles in any particular energy state. 
In general, on replacing a sum by an integral we have 


wah 





b b+4 b 
LX f(m)= f(m)dm— f'(m)/24) , (2) 
ws a—} a 
valid provided 
f(n+3)—f(n—2)-f' Kf), (3) 


where a<n<b, and n refers to any of the three indices 
k, l, m of summation. 

The condition in Eq. (3) may fail in either of two 
ways: (a) If it fails for every value of m in the interval 
a, b, (as will be the case if in (1) AT is of the order of the 
spacing of the levels), then there is a gradual accumula- 
tion of the particles with diminishing temperature in the 
lowest energy state; (b) (3) may fail only for the lowest 
value of n in the interval a, 5. If the value of the temper- 
ature at which this occurs is well defined, we have an 
abrupt accumulation of particles in the lowest state. If 
this accumulation temperature depends only on N/V as 
N— ©, i.e. is independent of the size of the system, we 
may expect discontinuities in the thermodynamic 
properties at this temperature. It is then a condensation 
temperature. This was first shown by Einstein,‘ and 
subsequently examined in detail by others. Even when 
weak interactions between the particles are included the 
condensation occurs.® 


THE IDEAL GAS IN A THIN FILM 


In order to illustrate these points, let us consider the 
case of an ideal three-dimensional Bose-Einstein gas 
confined to a thin film. We shall show, using the above 
consideration, how thin the film must be for the well- 
known three-dimensional condensation to be prevented, 
and that for still thinner films (effectively two-dimen- 
sional gas’) an abrupt accumulation. can still occur. 

For the thin film, the expression for the total number 
of particles of mass M’ in a box (Y=0 on walls) of 
dimensions 


L.=L,=L, L,=L/M, M>1 
is 


N= ¥ 1/(exp((-+024+-m?M)e/kT-+0)—1), 


k, l, m=1 (4) 


e=h?/8M'L?. 


Assuming for the moment that all these summations 
can be replaced by integrals (despite the large energy 


4 A. Einstein, Ber. Berl. Akad. (1924), 261; (1925), 3. 
1938) H. Fowler and H. Jones, Camb. Phil. Soc. Proc. 34, 573 
8). 
6 L. I. Shiff, Phys. Rev. 59, 758 (1941). 
7 Correspondence and conversation with F. London on this 
problem led to the distinction between “condensation” and 
“accumulation.” 
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interval in m), we shall first examine the conditions 
under which the lower limits of integration on k, 1, m can 
be replaced by 0, instead of } as required by (2). This 
will give us an expression for V equivalent to that for a 
cubical box, plus correction terms which when large 
indicate that the film is too thin to be considered a three- 
dimensional system. The condition for largeness of the 
correction term will turn out to be the same as the con- 
dition forbidding replacement of a sum (over m) by an 
integral. From (4) 


=f ff azdtim / 
is las 


(exp((k?+2?+-m?M?)e/kT+a)—1). (5) 
Letting 
R+P+ M*m'=p?, = ($+M?/4)~M/2 


N=(1/M) f (x/2)p%dp/(exp(o%e/kT-+a)—1), (6) 


where the factor 1/2 is a consequence of the fact we use 
box rather than periodic boundary conditions, and so 
integrate only over one octant in k, /, m space. Letting 
p=p'+n, and expanding that part of the exponential 
which is linear in p’, and using the definition 


U(p, a)=(1/r(e+1)) f dzz”/(exp(z+a)—1) , 


=r exp(—aj)/jrtt, (7) 


we find, after some manipulation 


N= (x/2M)(kT/e)'[T(3/2)U (3, °e/kT+a)/2 
+n(¢/kT)1U (0, 97¢/kT +a) 
+9P(1/2)(€/2kT)U(—4, 9°e/kT +a) ] 

+Order (n(e/kT)!). (8) 


The four terms of (8) come in order from the three terms 
of p?=p"+2np’+7? in the numerator of (6) and the 
linear term ‘in p’ in the expansion of the denominator, 
the last being valid so long as nep’/kT is small in the 
region of the principal contribution to the integrand. 
This is so if ne/kT is small. If one takes into account the 
following properties of the U functions, 


U(}, a)~U (5, 0), 
U(0, a)~~—Ina, 
U(-3, a)~ar, 
for 
0< a1, (9) 


and compares the above formulas with those of reference 
1, one can easily verify the following statements. 79; is 
the condensation temperature for the three-dimensional 
case given in reference 1. 

(1) For a>O and ne/kTK1, T>T 1, the 2nd, 3rd, 
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and 4th terms of Eq. (8) are negligible, and the first 
term gives just the conditions for determining a for the 
gas in a cubical .box, given in reference 1. 

(2) For a<O and ne/kT<1, the 2nd, 3rd and 4th 
terms of (8) are still negligible, and the first term de- 
termines the condensation temperature To: as given in 
reference 1. Below this temperature, the condition (3) 
for integrating k, / or m fails for k=l=m=1. The first 
term of the summation must be separated from the 
integral, and a is determined by 


at (2+M")e/kT=1/N(1—(T/To1)}. 


(3) For ne/kT™1, there is no condensation phe- 
nomenon. The 2nd, 3rd and 4th terms are not negligible, 
but (8) cannot be used to determine a, as ne/kT™1 is 
just the condition for a gradual accumulation in the 
lowest z direction level (m=1) and the failure of the 
integration condition (3) for all values of m. 

(4) For ne/kT>>1 practically all of the particles are in 
the m=1 state, the gas can properly be considered as 
two dimensional, and must be reexamined for integra- 
biJity on & and /. 

Application to Liquid Helium 

Before proceeding to a discussion of the two-dimen- 
sional case we can estimate for helium how thin a film 
has to be before condensation will be prevented. If 
ne/RT™1 we find for T=7,=3.4° (theoretical), 
L,~10~ cm. This is small compared to the observed 
thickness of 5.10-® cm for superfluid helium films.® 
Therefore, the observed thickness of superfluid helium 
films is not in contradiction with the idea that super- 
fluidity is a consequence of a Bose-Einstein condensa- 
tion. This calculation ignores the effect of the surface 
forces of the material on which the film lies in modifying 
the energy levels. 


THE TWO DIMENSIONAL IDEAL GAS 


Though primarily of academic interest, this problem 
has been the subject of some controversy, and is 
illuminating in showing the distinction between an 
abrupt accumulation and a condensation. It is also sug- 
gestive of the nature of the effects of geometry and 
impurities. The expression determining a for a square 
film is 


N= ¥ 1/(exp((#-+2)e/AT+a)—1), 
k, l=1 
a ee (10) 


If the conditions (3) for replacing the sums over , / by 
integrals are met we have 


N= J J dkdl / (exp((-EE)e/kT-+a)—1) (11) 


= — (kT /4e) In(1—exp(—a’)), (12) 


8 J. G. Daunt and K. Mendelssohn, Proc. Roy. Soc. 170, 423, 
429 (1939). 
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where by definition 


a’ =e/kT+a. 


The expression (12), determining a, unlike its three 
dimensional analogue, does have a solution for a for all 
values of 7. In fact for a small (low temperatures) we 


find 
a=exp(—4eNV /rkT) — ¢/RT, (13) 


or.in terms of a’ 
a’ =exp(—To1'/T), (14) 


where by definition 


To: =1?N/2xmkS, 
S=L,Ly,. 


To’ is very nearly the condensation temperature for a 
three-dimensional gas whose surface density is the same 
as that for the two dimensional case. But T 1’ is not a 
condensation temperature in this problem. 

However, it is not legitimate, in view of the integra- 
tion criterion (3) to use the above expression (13) for 
a<¢/kT. When a< ¢«/kT, we must use 


N=1/(exp(2e/kT+ a)—1) 


mm f ‘ f * dbl J (exp((R2-+22)¢/kT+0)—1), (15) 


3/2” 3/2 
N=1/(a'+3e/2kT) 
— (kT /4e) In(i—exp(—5e/2kT—a’)). (16) 


In Eq. (16) the first term represents the population of 
the ground state and the second term represents the 
population of all the higher states. We shall continue the 
discussion in terms of a’ since it is the behavior of this. 
quantity as a function of T, rather than a, which will 
simplify the argument. Let us ask at what temperature 
To2', where we expect T2’KTo1', Eqs. (16) and (12) give 
different results for a’, so that for T< J 2’ we must use: 
the more exact expression Eq. (16). 

To2' isa temperature such that a’(T 2’) = (S¢/2)/kT 02’. 
To see this we first observe that by (14) a’ is a very 
violent function of the temperature for 7<T7o1’.. Thus, 
since To2’KT 1’, at temperatures slightly above To2’, a’ 
dominates the logarithm in (16), and (16) and (12) are 
equivalent. However, at temperatures slightly less than 
To2’ in (16), the logarithm in Eq. (16) is practically 
independent of a’. Then (16) and (12) give different 
results for a’, so one must use the more exact expression, 
Eq. (16), in which a’ will primarily be determined by 
the first term. 

Finally, we remark that the condition to determine 
To2', o'(To2’)=5e/2kT 02’ giving the temperature at 
which (16) and (12) begin to disagree, and the condition 
to use Eq. (16) given by axe/2kT.’ for the failure of 
the integration condition in Eq. (3), will in practice give 
almost exactly the same numerical value for To’. The 
reason for this is that a’ is such a violent function of the 





BOSE-EINSTEIN CONDENSATION 


temperature in the vicinity of To:’ that both of the 
equalities a’(T)=5¢/2kT and a(T)=¢/2kT are met ina 
very small temperature range. 

Let us now determine what the relative populations 
of the ground, and all higher states are, above and below 
To2'. Above T 2’, since the right-hand side of Eq. (12) 
(the total population) and the second term of Eq. (16) 
agree, we see that the population of the ground state 
(ist term of Eq. (16)) is negligibly small. Below Tos’ we 
have that the population of the higher states (2nd term 
of Eq. (16)), since a’e/kT, is ~MTInMT, where 
M~k/e is large. Now MT InMT varies approximately 
linearly in T, since its principal variation with T is in the 
factor of the logarithm. Moreover, it must provide, at 
the temperature To’, practically all of the particles NV, 
since above To’ few of the particles are in the ground 
state. Therefore, we are compelled to conclude that, for 
T<Tho2' the population of the higher states must vary 
approximately like VT/T 2’, and since the total number 
of particles must add up to N the ground state popula- 
tion varies like N(1—T/To2’). In other words, since in 
Eq. (16), the second term is independent of a’ (for 
T<T 2’, a'&K5e/2kT) and is linear in T (like NT/T..’), 
a’ in the first term must vary in just such a way that the 
first term makes the total number of particles add up 
to NV. 

We, therefore, conclude that To2’ must be an accumu- 
lation temperature. We do not yet know how abrupt it 
is, and if it is also a condensation temperature. 

To answer these questions we first determine To2’ by 
substituting a’ =5¢e/2kT, T=T.’ in (16) and solving 
for Tos’. Doing this one finds 


Toa’ = To1'(1+6)/InN, (17) 


where 6 is small, of order 1/InNV. This shows that 72’ is 
not a condensation temperature since T2/—0 as VN. 

As an accumulation temperature To,’ is moderately 
“abrupt.” To show this one calculates from Eq. (16) the 
relative population of ground and excited state at the 
temperature Jo’, and also the maximum departure 
from linearity in T of the second term of (16), as a’ 
varies in the range a’=5e/2kT to a’ =—3e/2kT (the 
lowest allowed value according to first term of (16)). 


AT le 
| 
J 








POPULATION OF STATES 





Taal ~T 
02 TEMPERATURE Tot! 


Fic. 1. Populations of the ground state (broken line) and all 
higher states (full line) of a two-dimensional B. E. gas. To’ is the 
approximate condensation temperature of a three-dimensional 
B. E. gas of the same surface density. 


Doing this one finds that the band of transition AT from 
condition “above” To’ (negligible number of particles 
in ground state) to condition “below” T2’ (the ground 
state population ~N(1—7/T»2’)) is given by 


ATT’ /InN. 


This means T 2’ is a moderately abrupt accumulation 
temperature. Thus, if one had a “surface gram molecule” 
of material, N=(Navogaaro)? the accumulation at 79.’ 
would occur at a temperature of 1/35 the corresponding 
three-dimensional condensation temperature, and in a 
temperature range about 3 percent of T»2’ wide. All these 
conclusions are summarized in Fig. 1. 

To interpret these results, one can say that in any 
physical situation where these calculations would be 
applicable, the results would be sensitive to any bound- 
aries or impurities on the surface which would tend to 
modify the lowest energy state and break up the total 
number of particles N into subsystems. Effects of this 
type really represent the essence of surfaceand geometry 
effects in calculating from a statistical mechanical 
standpoint the properties of matter in the bulk. For 
example, one ordinarily considers the condensation 
temperature of water to be independent of the amount 
of material, but a moment’s reflection shows that this is 
only approximately true. For small drops the condensa- 
tion temperature (water-steam) is higher because of the 
increased pressure of surface tension. In this case, the 
condensation temperature also goes down (but not to 
zero) with an increased amount of material. 
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' 

The condensation and accumulation phenomena of charged Bose-Einstein particles in a magnetic field are 
examined, neglecting electrostatic interactions. For weak fields a single condensation occurs at the same 
temperature as that for uncharged particles; for strong fields there is a separate lower accumulation tempera- 
ture, indicating the accumulation of particles in the lowest translational state. The total energy, free energy, 
and polarization are calculated, and applied to the properties of a gas of electron pairs, and a solution of 
deuterons in a metal, these being systems whose low temperature behavior might show a Bose-Einstein 
condensation. It is shown that the Bose-Einstein condensation of free electron pairs cannot provide a theory 


of superconductivity. 








INTRODUCTION 


N the preceding paper’ the distinction was made be- 
tween a condensation in the thermodynamic sense, 
and an accumulation in the statistical mechanical sense. 
In this paper we use the conceptions and approximations 
there discussed to examine the properties of charged 
Bose-Einstein particles in a magnetic field, neglecting 
the effect of electrostatic interactions but including, 
where required, spin and intrinsic magnetic moment. We 
shall calculate the distribution of the population over 
the different classes of states, the total energy, the free 
energy, and the polarization. 
We repeat here two expressions from J for con- 
venience. To replace a sum by an integral we have 


b b+4 b 
LX f(m)= f(m)dm— f'(m)/24|. (1) 


a} 


It is valid to use this approximation provided that for 
every point within the interval, a<n<b 


f(nt+2)—f(n—2)-f' Mf). (2) 


For f of the form 1/(exp(E(”)/kT+ a)—1), i.e. the B. E. 
integrand, it was found that if this criterion failed for 
one value of x in the interval (usually the lowest one) we 
could expect an abrupt accumulation of particles in the 
corresponding quantum state, and possibly a condensa- 
tion. If it failed for every value we could expect a 
gradual accumulation in the lowest state. 


THE GAS OF IONS IN A MAGNETIC FIELD, 
WITHOUT SPIN 


Consider an assembly of J particles of mass m, charge 
e in a cylindrical container of volume V, radius R, height 
L with a magnetic field H along the axis. It is assumed 
that the energy levels which the particles occupy are 
given by the strength of the magnetic field and dimen- 
sion L alone. Thus, we neglect electrostatic interactions, 
and ask: What is the behavior of this system as a 
function of the thermodynamic variables H and T? The 


1M. F. M. Osborne, Phys. Rev. 76, 396 (1949), hereafter re- 
ferred to as J. 
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energy levels are given by’ 
E(1, m, m3) = wH (2(/+-3)+m1+ | m|)+ en? 
e=h?/8mL?, p=eh/4rme. (3) 


Let 
g= weHR*/he. 


a is determined by 


-1 rr) re) 
N= z ® z 1/(exp(E(/, 1, n3)/kT-+a)—1), (4) 
ny=—g l=0 n3=1 

where the limits of summation on m, the azimuthal 

quantum number are determined by correspondence 

principle arguments.” * / is the orbital quantum number 

and m; the translational quantum number for motion 
along the field. 


Definitions and Approximations 
In evaluating (4) we will utilize the following defini- 
tions (see Fig. 1): 
(1) U(p,a)=(1/P(p+1)) 


x f dea? /(exp(s+a)—1) (5) 


= y exp(—aj)/jrt (6) 


(2) The temperature 791, below which we must write 
separately. the lowest term (/=0) in the integration over 
I (failure of Eq. (2)) 


Tou=(N/VU(;, 0))4(H?/2amk). (7) 


T 1 is also the condensation temperature in the absence 
of a field.* 

(3) Toe is defined as the temperature below which, for 
/=0, we must write separately the lowest term (n3=1) 
in the integration over m3. It is defined so that 


2gkT 02/3 => N, 


2 J. H. Van Vleck, The Theory of Electric and Magnetic Suscepti- 
bilities (Clarendon Press, Oxford, 1932), pp. 354, 358. 
3L. Landau, Zeits. f. Physik 64, 262 (1930). 
‘ F. London, Phys. Rev. 54, 947 (1938). 
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To2= 3eNhc/2rkeH R? (8) 
= 3h®Nc/16LV meHk. (9) 


Note that To depends on N/V, and also varies inversely 
as H and the dimensions of the system Z in the direction 
of H. Roughly speaking T 2 is the accumulation temper- 
ature of a one dimensional problem (see Fig. 1 of J), 
where the phenomenon is complicated by the presence 
of a magnetic field. 

(4) Tx is defined as the temperature at which the 
spacing of the magnetic levels is of the order of magni- 
tude of the thermal energy, uwH/kT”=1. When this is 
true it is certainly no longer valid to integrate over any 
of the magnetic levels. Note that this circumstance is 
not realized abruptly but gradually, so that Ty marks 
off an accumulation band rather than an accumulation 
temperature. 

(5) For purposes of mathematical completeness 
rather than physical significance, we define a tempera- 
ture JT’, at which the average kinetic energy is equal to 
the average spacing of the translational levels (€/kT; 
=1), and it is then no longer valid to integrate over any 
of the translational levels. 

(6) H, is defined as a critical field for which To:= 7.2 


H.=(N/V)U (4, 0))!3her/8Le. (10) 


For H>H, the accumulations at To: and JTo2 occur 
separately. For H< H,, the two accumulations occur at 
the same temperature 7; (caseC). For H< H., To2>To1, 
and JT» is then simply a parameter by means of which 
the population of the lowest magnetic and higher 
translational states may simply be expressed as N7/T 2, 
an expression valid only for T< 71. 

Three other points should be noted in interpreting the 
formula which follows: 

(1) The approximate behavior of the U functions for 
small parameter values, summarized in J, especially the 
fact that for 


p=0, a0, U(p, a)—>—Ina, (11) 
p<0, a0, U(p, a)—a?. (12) 


(2) The behavior of a in the neighborhood of the 
accumulation temperatures. Generally speaking, when a 
lowest energy term Ejow has to be split off from an 
integration, in the separated term a—— Ejow/kT in just 
such a way that (a+Ejow/kT) has the value to make the 
total population NV. This is the explanation for the ap- 
pearance of a+pyH/kT and a+pyH/kT+6/kT as effect- 
ive normalization constants. A slightly different way of 
putting point (2) is as follows: if we have a series of 
complicated terms for V such as (14) or (17) which have 
a simple dependence on 7, and only one of which is 
sensitive to a, then those terms effectively independent 
of a have the given dependence of population on 7, and 
a is just such a complicated function of T to make the 
population of the term in which it does appear signifi- 
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cantly vary as NV minus the rest of the terms. Thus, if a 
only appears effectively in one term, we do not have to 
solve for a to get the relative populations of the different 
classes of states. This point will become apparent from 
the summary below, and be very useful in evaluating 
expressions for the total and free energy. 

(3) In deriving the equations below, the lower limit of 
integration on m3; must be chosen with care. In (13) for 
example, the lower limit zero for m; is a valid approxi- 
mation, in some of the others, a half integral value as 
dictated by (1) must be used. 


The Distribution of the Population 


We can now write the expressions for a in the different 
regions of Fig. 1 as follows: N has been divided out so 
that the terms give the relative fractions of the popula- 
tions in the different classes of states. 


In region A 
1=(T/T)'U(3, «)/U(, 9), (13) 
valid for 
a>pH/kTK1, T>T 1. 


There is no accumulation in any particular class of 
states. 
In region B 


1= (27 4/T)(T/To)'U(—3, a+uH/kT)/U(G, 0) 


+(T/To1)!U (3, a+2uH/kT)/U(3, 0), (14) 


valid for 
e/kT<at+pH/kT, a<pH/kTK1, To2<T<To1. 


Since 
U(s, a+ 2uH/kT)~U (3, 0), (15) 


the two terms of (14) vary like 1—(T/To1)}, (T/To1)}, 











Loc Tf 


Fic. 1. (Schematic for Fig. 2.) Phase diagram for a gas 
of ions in a magnetic field. 
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these being the fractions of total population in ground 
magnetic and all higher magnetic states. From (14) we 
find 

a+ pH/kT™(uH/kT)(T/T1)*KyH/kT. (16) 


In region C 


1= (37/27 02)/(a+ pH /kT+¢/kT)+T/To2 
+(T/T01)'U (3, a+2uH/kT)/U(3,0) (17) 
valid for 
—e/kT<atpH/kT< ¢/kT, 
Tu< T< (the smaller of To1, To2) 


here also 


and the relative population of the states are 
1—(T/T)!—T/To2, T/To, (T/To)', (19) 


in ground magnetic and ground translational, ground 
magnetic and higher translational, and higher magnetic 
and all translational states, respectively. Equation (19) 
is valid only if the first term is positive. Equation (17) is 
valid to the extent that (2/3)«/kT represents the inte- 
gral over 3 for /=0 in (4), which is only approximately 
true (best when |a+ywH/kT|<e/kT). A detailed ex- 
amination of this approximation will show that T/T. in 
(19) indicates an abrupt accumulation in about the 
sense that J.’ in Fig. 1 of J represented an abrupt ac- 
cumulation for the two-dimensional gas—perhaps not 
quite as abrupt. To2, therefore, represents in - 1 the 
center of a narrow accumulation band. 
In region C, D 


1= (3/2)(T :/T02)/(a+pH/kT+€/kT)+T/To2 
+2(T2/T01)(T/T01)* 
XU(—4, a+3yH/kT)/U(Z, 0), (20) 
valid if 


mH/kT>1, —6¢/kRT<at+pH/kT<¢/kT, T<T xu. 


This expression assumes that almost all the particles are 
in the first two magnetic states. This implies that 


U(—4, a+3yH/kT)~ exp(—2uH/kT) 
=exp(—27n/T). (21) 


The relative population of ground translational and 
lowest magnetic, higher translational and ground mag- 
netic, and next lowest magnetic and all translational 
states are 


1— T/To2— (27 2/To2)(T/To1)* exp(—27T/T), 
T/To2, (2T'u/To2)(T/To1)* exp(—2T x/T), (22) 


respectively. The first member of (22) must be positive. 
In regions D; and D; we have a determined by 


1=(2Tx/To)(T/To1)!LU(—4, a+pH/kT) 
+U(—3, at+3yH/kT)]/U(G, 0). (23) 


This assumes the population is almost entirely confined 
to the two lowest magnetic states, which these two 
terms represent. There is no accumulation in the lowest 
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translational state as was the case in region CD. In 
region D; we may use the approximation 

U(—4, at wH/kT \=(1/(a+ nH/kT))', 

U(—%, a+3yH/kT)~exp(—2uH/kT), — (24) 
i.e. ; 


(a+uH/kT)K1, pH/kT>I1. 


The relative populations are 


1—(2Tx/T1)(T/To1)' exp(—2Tx/T), (25) 
(27 7/To1)(T/T 01)! exp(—2Ty/T). 


In region D2, the approximations (24) are not valid, and . 


we must use exact expressions for the U functions. 
In calculating Eqs. (13)—(25), the second term of (1) 
is neglected. 


The Total Energy 
We can also calculate expressions for the total energy 


U= 7. E(/, m1, n3)n(I, 1, N3) 


1, ny, n3 


No is Avogadro’s number, R the gas constant. 
In region A 


U=(N/No)(3RT/2)(T/T)'U G, «)/U(, 0). (26) 
In region B 


U= (V/No)LRTa(1— (T/T 1)') 
+ (RTT 4/To2)(T/To1)*U 3, a+ pH /kT)/U (3, 0) 
+(3RT/2)(T/To1)tU(, a+2uH/kT)/U (3, 0) 
+2RT n(T/T01)'U (3, a+ 2uH/kT)/U(Z,0)). (27) 


In region C 


U=(N/No)LR(Tat+T)(1—(T/T01)*— (T/T 02)) 
+RTTx/To2 
+(3m?RT/8)(T,/T)*(T/To2)U (3, a+ wH/kT) 
+ (3RT/2)(T/To1)*U (§, a+ 2uH/kT)/U (3, 0) 
+2RT (T/T 01)?U (3, a+2uH/kT)/U(%,0)]. (28) 


In region CD 


U= (N/No)LR(TxtT)(1-— T/T (27 7/T01) 
X (T/T 1)*U(—4, a+3yuH/kT)/U (3, 0)) 
+RTT z/Toe 
+ (34478) (RT?/To2)(T ,/T)*U (3, a+ pH/kT) 
+(3RTx?/T01)(T/T 01)! 
X U(—4, a+3yH/kT)/U (3, 0) 
“+ (32/8) (RT?/T2)(T./T)? 
XU (3, a+ 3yH/kT) }. (29) 


In regions D,, D2 


U= (N/No)LRTu(1—2(Tx/T1)(T/T 01)? 
+RT(Tu/To1)(T/To1)'U 3, a+ pH /kT)/U (3, 0) 
+6RTx(T/T1)!U(—3, a+ 3uH/kT)/UG, 0) 
+RT(T/T.1)*3(Tx/T01) 

XU, a+3yH/kT)/U(2, 0)]. (30) 


The same approximations as in the corresponding equa- 








SS eps BN ty es ot 


BOSE-EINSTEIN 


tions for a also hold. The form of the above equations, 
when all the terms are written in the form const.x RT 
function of temperature ratios, is convenient when 
they are used with a diagram such as Fig. 1. Given an 
H, T point of interest, one can quickly estimate the 
values of different terms by reading the temperatures 
T01, Tx, To2 at which a horizontal line through the H, T 
point of interest crosses the 71, T or To2 line. 
Equations (26)—(30) may be substantially simplified 
and condensed by using the valid approximations for 
each set, especially the facts that for all regions but B 
and D2, a+pH/kT is very small and U(p, a)~U(p, 0) 
for a1 and p>0. However, they have been left in the 
form given so that the energy contribution of each type 
of level may be more explicitly identified, and the 
validity of the approximations more critically examined. 


THE GAS OF IONS IN A MAGNETIC FIELD, 
WITH SPIN 


The Relative Populations of the States 


Let us reconsider the above problem when it is as- 
sumed that the particles have an intrinsic magnetic 
moment y’, and a spin J. In that case, we have to sum 
over 27+1 additional levels u’H apart, in addition to 
the levels given in (3) above. The expression de- 
termining a becomes 


o © I 
l=0 n3=1 o=—I 
with 
E(o, nz, 1) = p'Ho/I+en?+2(/+4) ud, 
e=]?/8mL?7, w=eh/4ame. 


Note that m refers to the (arbitrary) mass of the particle, 
so that in discussing particular particles such as 
deuterons y’/y is not the conventionally tabulated value 
for the intrinsic magnetic moment, but the mass number 
times it. 

If all summations can be replaced by integrals, as will 
be the case so long as a>uH/kT, (31) becomes 


N= (2I+1)V (2amkT)iU (3, «)/h'. (32) 
When a< uH/kT, it is no longer valid to replace the 


sum over the first terms of / by an integration. The- 


behavior of a@ in this circumstance is a little subtle, but 
strict attention to the criterion (2) for integration, 
together with the expectation that a will approach close 
to the negative of the lowest energy state divided by 
kT, will show that when it no longer becomes valid to 
integrate over the first term of the /-summation, it will 
no longer be valid to integrate over the first term of the 
o-summation either. Under these circumstances, splitting 
off the first term of the /- and o-summation, (31) gives 


1= OnE /APQI+1)(T/Te 0-4, ao)/U (3, 9) 
+E, (2uH/kT(2I+1))(T/T 6)! 


XU(—3, aot w'Ho/I)/U(Z, 0))+(T/T)'. (33) 
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In (33) we have the following definition. To, is the 
condensation temperature in the absence of a field H. 
It is the solution of (32) for a=0. ag=a+pH/kT 
—'H/kT is the effective normalization constant, and 
the first term of (33) is the only term sensitive to its 
value. It can be shown, as in the case of (16), that 
aoKpH/kT. This together with the fact that U(—}, ao) 
ag will show that the terms of the summation in (33) 
are all small compared to the first term of (33). 

The three terms of (33) represent the following classes 
of states: 


(a) =0, o=—TI, lowest magnetic and lowest spin, all 
translational. 

(b) =0, c=—I+1 to +/, lowest magnetic and all 
higher spins, all translational. 

(c) =1 to ~, c=—I to +J, excited magnetic, all 
spins, all translational. , 


The approximate relative orders of magnitude of the 
populations of these states are (a) 1—(T/To.)!, (b) 
Order (u’H/kTI)* (small), (c) (T/To-)}. 


The Free Energy and Polarization 


We can now calculate the free energy F=U—TS and 
magnetic polarization P. For T>T>, and defining 
=pH/kT, B’=p'H/kTI, y=e/kT 


= — NkTat (gkT/48)(x/y)*[— (22+1)UG, a) 
— B(2I+1)*U(—3, a)/24 
+67U(—3, a)/24 : 
+6°(2I+1)U(—3, a)/6]. (34) 


, I 
In obtaining (34) we have expressed >> U(3, a+(’c) 
o=—I 


as an integral, using (1), including the correction term 
and also expanded this U function as a Taylor series 


about a. 
For T< Toe 


I 
= —NkTa—gkT(r/y)'I[ + U(s, a+ 6+08’) 
o=—I 
I 
- 2X UG, at+26+ of')/48 


I 
+8 u U(—}, a+26+ of’)/24]. (35) 
The polarization, for T>To., is given by*® 

= —(0F/0H)./V, 
P= (g(x/y)*u(2I+1)/V) 


X[(22+1)*(u'/ul)PU (—4, «)/48 
—(u'/uI)PU(—4, a)/48—U(—F, «)/12] (36) 


5 See N. F. Mott and H. Jones, —— of Metals and Alloys 
(Clarendon Press, Oxford, 1936), p. 
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Fic. 2. Phase diagram for electron pairs. (A) 10” pairs/cm’, 


~ (B) 108 pairs/cm*, (C) 107 pairs/cm*. The Z dimension, along H, 


has been taken as 1 cm. 
and for T< To, 
I 
P= (g(x/7)#/V) X [av (3, a+ B+ of’)/28 
—(utp’o/T)U(—3, a+ B+o8')/2 
— (2u+y'o/I)U (3, a+28+ of’)/4B 
—pU(—}, a+28+ o8’)/12 
+ (2u+ p’o/I)BU(—$§, a+ 28+ of’)/24]. (37) 
Limiting Form for High Temperature 


For high temperatures a>1, U(3, a)~U(3, a) 
~U(—3, a)-vexp(—a) and the polarization is, using 
(32) and (36) 


P=p"HN(I+1)/3IkTV —N 2H /3ViT. (38) 
For [=} 
P=Nyp?H/kTV—Nw?H/3kTV (39) 


and these two terms can just be interpreted as the spin 
paramagnetism and the Langevin diamagnetism as 
given by Maxwell-Boltzmann statistics, which provides 
a convenient check on our work. 

For T< T ,., the polarization is, using Eqs. (37) and 
(33) and neglecting quantities of order (uH/kT)! 


P=N(u'—y)(1—(T/To.)!)/V. (40) 


This expression has the quite plausible physical interpre- 
tation that there are N(1—(7/T7»,)#) particles in the 
ground state of spin and circulation about the magnetic 
field, each of which contributes a positive magnetic 
moment y’ and a negative (diamagnetic) moment yu. In 
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obtaining Eqs. (34)—(40) one has to include the correc- 
tion term of Eq. (1) in replacing sums by integrals and 
also must utilize the approximate expressions for the U 
functions with small parameter. 






Interpretation and Limitations of Formulas 





It isappropriate to ask at this point if the temperature 
To: (or Toe, for particles with spin) is a condensation 
temperature or merely an accumulation temperature, 
such as 7». In the limiting case of no magnetic field we 
know that 7»; is a condensation temperature. We also 
know that as the magnetic field increases and we go up 
along the 7; line (Fig. 1) eventually we reach the Ty 
band, in which we know there is a gradual accumulation 
in the ground magnetic state. Therefore, somewhere 
between 0 magnetic field and a magnetic field so strong 
that kTo:~uH, To: ceases to be a condensation temper- 
ature and becomes an accumulation temperature. How- 
ever, examination of the mathematics shows that it is 
fairly abrupt except in the immediate neighborhood of 
Tz. The exact problem of the field strength for which 
To, ceases to be a condensation temperature has not 
been examined, though one might conjecture that it lies 
near H,. 

In the case of the accumulation temperature JT», it 
should be observed that it is a function of V/V as N> 
but it also depends on how V—> because of the factor 
L. If the thickness of the specimen L>”, Ty—0, 
otherwise it remains finite. This again is an example of 
how statistical mechanics shows the dependence of 
thermodynamic properties on geometry. 

One can also point out here a limitation on the validity 
of the expressions derived above. It has been stated at 
the beginning that the magnetic field which determines 
the energy levels in which the particles move is H. 
Strictly speaking this is not true since the effective field 
acting on the particles is H.ss.=H—)AP where d is the 
depolarizing factor depending on the shape of the speci- 
men, but in any event is not greater than 47. However, 
it is valid to use H for Hers. if P is small compared 
to H. Now P, the polarization, was calculated to be 
~(Nu/V)(uH/kT) above the condensation tempera- 
ture J, and ~Nu/V below it. If this latter expression is 
small compared to the applied H then the condition of 
applicability is met. As will be seen in the discussion of 
the numerical examples, this is the case for most prob- 
lems of interest. u~10-*° for electron pairs, and y~10-" 
for deuterons. For these examples the number of 
particles per unit volume has to be greater than 107°, 
10”, respectively, for the theory to fail for fields less than 
one oersted. 

























Experimental Methods 


We might now make a few remarks on the most 
suitable way in which these effects could be detected by 
measurement. Evidently, the orders of magnitude of the 
polarizations below and above the condensation tem- 
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perature are as Nu/V and as (Nu/V)yH/kT, with 
pH/kT<1. Now above the condensation temperature 
the phenomena are essentially the same as though de- 
termined by Maxwell-Boltzmann statistics, where 
Curie’s law applies. Hence, for T>>To1, or T>>To. as 
may be relevant, Bose-Einstein effects could not be 
distinguished from any others in which the susceptibility 
is independent of H and varies as 1/T. 

Experimentally, this means that the susceptibilities 
are of the order 10-® and can best be detected by a 
weighing method in a strong inhomogeneous field. How- 
ever, below the condensation temperature the polariza- 
tion is essentially constant, or the susceptibility P/H 
varies as 1/H. It is also larger by a quantity of order 
kT/uyH from what it is above. This means that it is 
not profitable in a weighing method to use a strong 
magnetic field since the force on the specimen would 
depend only on the gradient of the magnetic field and be 
independent of H. Also the fact that the polarization is 
so very much larger means that it would be simpler to 
detect it. Thus, a simple measurement of the self- 
induction of a coil around a specimen supposed. to con- 
tain this peculiar gas would begin to change abruptly by 
a small amount as soon as the temperature To: was 
reached. For the case of a needle-shaped specimen 
(depolarizing factor \=0) filling a coil of inductance Lo, 
below the condensation temperature To; the inductance 
would become L= Lo(1+4mP/H) where H is the applied 
field, V the volume and P the total polarization as given 
by (40). This shows that the percentage change in the 
inductance would be larger the smaller H, with the 
restriction for applicability that P/H<1. 


Applications 


Let us now consider some possible applications of 
these calculations. It was suggested by London,‘ among 
others, that superconductivity might be explained as a 
condensation phenomenon of Bose-Einstein particles 
and Ogg has added definiteness to this suggestion by 
supposing that these particles are electron pairs. Let us 
see whether or not this hypothesis is in accordance with 
the above calculations. Using twice the mass and charge 
of the electron, we see that for the condensation temper- 
ature to fall in the range of superconducting tempera- 
ture, say less than 10° absolute, the concentration of 
particles must be V/V< 10'8. How large is the polariza- 
tion under these conditions? It is of order Vu/V~10-. 
However, it is one of the essential features of super- 
conductivity that the material be perfectly diamagnetic, 
or that the 4%P be equal and opposite to the applied 
magnetic field H. This calculation shows that the 
polarization can never be larger than 10~ oersteds, and 
since in practice superconductors are diamagnetic up to 
several hundred oersteds, we must reject this hypothesis, 
or modify in such a way that the accumulation takes 
place in states of much higher / than the lowest. This 
calculation does not exclude the possibility that there 
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CONDENSATION 


can be electron pairs either in a metal or in a metal- 
ammonia solution. If there are, and if they are mobile 
and can be treated as Bose-Einstein particles, then one 
can look for their condensation temperature in the 
manner described above, by a small fairly abrupt (like 
1—(T/To1)*) change in the self-induction of a coil with 
diminishing temperature. It would be interesting to see 
if this effect can actually be observed, as it is intimately 
tied up with the vexatious question as to how far and in 
what particulars one can go in treating particles which 
are not free and do interact as though they were free and 
did not interact. This is done in the treatment of valence 
electrons inside a metal by Fermi-Dirac statistics. 
Figure 2 gives the phase diagram corresponding to 
Fig. 1, for particles of zero spin and twice the electronic 
mass and charge. 

A second possibility for testing the above formulas is 
suggested by London’s refinement of his theory of liquid 
helium. In order to fit the observations of the specific 
heat of He with a theoretical specific heat calculated by 
Bose-Einstein statistics, London® proposed that the 
helium atoms be divided into two classes. One of these 
was to be treated as a crystalline lattice obeying a 
Debye T® law, the other fraction was to be treated as a 
Bose-Einstein gas which occupied the allowed levels 
formed by this lattice. It was the condensation phe- 
nomenon of the second class of particles which ac- 
counted for the A-phenomenon of liquid helium. Now 
the number of possible particles available to observation 
of condensation phenomenon are relatively limited, 
because the condensation temperature diminishes with 
increasing mass and for helium, already one of the 
lightest particles, it is ~3°K. One other possibility is 
deuterons, and fortunately, we have a mechanism 
whereby these might be treated as a gas just as the 
valence electrons of a metal are treated. It is known that 
certain metals**® (Ce, Th, Zr, Ti, Ta, V, Pd, Cb, La) 
absorb large amounts of hydrogen and presumably also 
deuterium. These solutions cannot be strictly considered 
as chemical compounds, since the proportion increases 
with decreasing temperature. Therefore, it is suggested 
that for deuterium a fraction of the particles (as 
deuterons) may be treated as a Bose-Einstein gas in the 
sense that they can be imagined to be distributed 
throughout the metallic lattice rather than at fixed 
points, and for these we could seek a condensation tem- 
perature. If as many as 10** deuterons/cc could be 
considered free, the condensation temperature would be 
~1°K. 

A possible encouragement for this point of view can be 
taken for the case of hydrogen and palladium. Here it is 
known that the absorption of hydrogen by palladium 


6 F, London, J. Phys. Chem. 43, 49 (1939). 
7F. Ephraim, Inorganic Chemistry, 4th Rev. Ed. by P. C. L. 
Thorne and E. R. Roberts (Nordeman Publishing Company, 
New York, 1943), p. 875. There is a most striking correlation be- 
tween the hydride forming and superconducting elements, the 
explanation of which is unknown. ; 
8 A. Sieverts, Zeits. f. angew Chem. 21, 37 (1929). 
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decreases the susceptibility in a linear fashion to zero 
and that beyond that point the susceptibility remains 
zero.* 1° This has been interpreted that the protons fill up 
the d levels (0.55 holes per atom). Presumably the excess 
ones wander about the lattice, and part of them could be 
treated as a gas of free particles in the desired way." 
There is also evidence that anata dissolved in the 


® See reference 5, p. 200. 

10 B. Svenson, Ann. d. Physik 18, 294 (1933). 

1 Tt was pointed out to the author by S. Liebson that if one had 
a case where the “free proton theory of the hydrides” was ap- 
proximately valid, one might expect that at very low temperatures 
there would be proton superconductivity, not to mention the 
formation of proton pairs! 


metal is dissolved as protons and if this were also true 
for deuterium the deuterons stripped of their external 
electrons could be considered as Bose-Einstein particles. 
These considerations are at best speculative, and 
ignore completely interactions and the periodic nature 
of the potential in which the particles move. They do 
suggest that an experimental study of the relative low 
temperature behavior of solutions of hydrogen in a 
metal and of deuterium in a metal would be most 
illuminating in revealing the effect of the two different 
statistics on the behavior of the system, and in indicating 
the nature of possible modifications in the theoretical 
approach to such problems which might be made. 
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It is proved that Sommerfeld’s well-known electromagnetic surface wave does not exist.in the radiation 
of a Hertzian dipole over a plane earth because it does not fulfill the so-called “radiation condition.” The 
path of integration chosen by Sommerfeld is correct, but there is another saddle-point overlooked by this 
author which just annuls the surface wave due to the residue. These results are in agreement with Burrow’s 


measurements. 


N a well-known paper published in 1909, Sommerfeld! 
treated the problem of the propagation of. radio- 
waves along the surface of the (plane) earth. If we 
make the (¥,¢) plane coincide with the plane of the 
earth surface (the z axis pointing upwards) and if we 
consider a vertically oscillating dipole in the air at the 
point z=r=0, the Hertzian vector II describing the 
electromagnetic field may be expressed as follows: 


ae i Jo(Ar)Add exp[ —2(A?— ki°)t] 
(ky)! 





z>0. (1) 


For z<0 we have a similar formula with ke replacing h. 
Here k, and ke denote the wave numbers of the upper 
and lower medium (air and earth). Taking into account 
the radiation reflected by the earth, we get in the 
upper medium (air), for the resulting Hertzian function 


© Jo(Ar) exp[ —2(A2— Ry”)? JAdX 
I]:= const. f . 
0 Rx?(\?— ke?) #4-a?(A?— fy”)? 
Setting 
Jo(Ar) = 3 Ho (Ar) + Ho (ar) ], (3) 


where H and J are the usual cylindric functions. We 
can displace the path of integration of the integrand of 
(2) containing Ho“ into the upper part of the complex 





*For a preliminary report see T. Kahan and G. Eckart, 
Comptes rendus 226, 1513 (1948). 
1 A. Sommerfeld, Ann. d. Physik 28, 665 (1909). 


plane A, and the path of integration containing Ho” 
we can shift into the lower half-plane \. The integrals 
effected along the circle of infinite diameter are zero, the 
two integrals conducted along the imaginary axis com- 
pensate each other. As the integrand of (2) has no 
singularities in the lower quadrant, we have left only 
the following integral in the upper half-plane ): 

Ho (Ar) exp[ —2(A?— ky?)* Jad 

const f 
hy?(N?— ha?) *+ hea?(A?— hi”)? 

conducted along the following three paths (Fig. 1): 
(a) Along the loop 1 around the branch-cut going from 
the branch point k; of (4) to infinity in the upper. half- 
plane; (b) along the loop 2 around the branch-cut going 
from the branch point ke of (4) to infinity; (c) and along 
the circle 3 around the pole P of (4). Path 1 provides 
the so-called space-wave; path 2 gives no appreciable 
contribution; path 3 gives rise to the famous surface 
wave expressed by: 


wo=const.e*" exp[ —2(s?— ki2)*]/r}, (5) 
s being the pole of the integrand of (4) defined by: 
s=ksin¢z; oa=tan(ke/hi), (6) 


op being the Brewester angle. 
In 1919 Weyl? tackled the same ‘problem but with a 
different mathematical approach. His solution contains 


2H. Weyl, Ann. d. Physik 60, 481 (1919). 








ELECTROMAGNETIC SURFACE WAVES 


only the part which in Sommerfeld’s solution is given 
by loop 1, its solution did not therefore contain the 
surface wave (5). The discussion of this problem has 
been carried on for years by different authors. In 1937, 
Burrows*® found in an experimental study, that the 
surface wave did not exist.* 

In 1947, Epstein* went a step further in solving the 
problem without, however, reaching a complete solu- 
tion. He points out that already in the primary radia- 
tion the path of integration may be taken, instead of 
along the real axis (path J in Fig. 2), along the path 
II which excludes the pole due to the presence of 
the second medium (earth). We have then only the 
integrals along the branch-cuts left. Epstein alleges 
now that the problem thus dealt with is not unique 
and states that Sommerfeld’s proof of uniqueness loses 
its validity in the presence of sources, when there 
are singularities of sources such as the dipole. This 
remark about the singularity of sources such as the 
dipole is senseless, for Sommerfeld takes it into account 
expressly. The following demonstration proves it. 
Epstein declares himself satisfied in this non-uniqueness 
of the problem and points out eventually that the 
surface wave is not due to a dipole. 

The scope of the following is to show how we can get 
rid of this indeterminateness in the solution, and how 
we can therefore solve the problem exactly. 

Sommerfeld deals with this problem in a funda- 
mental paper.’ He points out that nature provides in 
fact a unique solution, and the problem is only to find 
the condition which determines the actual solution 
among the set of all possible solutions. This condition 
is the condition of outgoing waves or radiation condition 
(“Ausstrahlungsbedingung”) established for the first 
time by Sommerfeld himself. This condition states that 
at a sufficient distance from the source, the field must 
have the character of outgoing waves; incoming waves 
would give rise to standing waves which have no reality 
whatever in our case, since we have no sources at 
infinity. 











Fie. 1. 


3C. W. Burrows, Proc. I.R E. 25, 219 (1937). 
‘P. S. Epstein, Proc. Nat. Acad. Sci. 33, 195 (1947). 
5 A. Sommerfeld, Jahresber. d. Deutsch. Math. Ver. 309 (1913). 


An plane 








Fic. 2. 


In order to avoid any experimental attenuation by 
absorption, let us suppose k; and ky to be real. If the 
time variation is supposed to be e*‘, the condition of 
outgoing waves may be expressed as follows: 


with 
limgo.RI)¥ ©. 
n is the normal to a surface at infinity. If we choose as 
such a large sphere around the source, ” coincides with 
the direction of R (space vector). Now, as we shall see 
later on, the surface wave does not satisfy this condition. 
We shall prove now that the condition of outgoing 
waves make our problem unique. We require two func- 
tions, II; and Ilz, having the following characteristics: 
I. We have 
ATI + R21; = 0, 2> 0, 
All,+k7Il2=0, 2<0, 
k; and ke both real, wi=po=p. 
II. At z=0, 
Il,= Ils, O11, /kdz= OIl2/k270z. 


III. T,—e*/R for z=0 and Il,—e*®/R for z<0 
are finite and continuous with continuous derivatives, 
at R=0 included. 


IV. lime..RLOI/dn—iki Tl, |=0, 
limg.R11x ©, 

limg+.R[OM2/dn— tkoll } => 0, 
limr.RT2¥ © , 


We write condition IV in the form: 
IVa. limpsm{_O11;/dn— ik,Il; | = II,;* 


with limr.,.II;*-0, i=1, 2. 

Let us now suppose we have two different solutions; 
our purpose is to show that their difference is zero. Let 
Ili, Iz be the first solution; Ij’, I2’ the second one; 
Tl, Iz the first conjugate solution; II,’, Ils’ the second 
conjugate solution. 

We introduce then the difference of our solutions: 

a= I1,;—Ily ; Se (8) 
1 ed II,— TI,’ > Uo= IIp— Il,’ 


z>0, 


2<0. 
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- Let us write the theorem of Green in the form: 


Ou af ou e Ou Ov 
ff waeas+ f (— —)as 
a ion as 0z 
Ov 
= f u—da (9) 
on 


where ‘S represents the volume described in Fig. 3, and 
o its surface. The latter consists of: (1) A hemisphere 2 
of infinity large radius; (2) a hemisphere which sur- 
rounds the source D; (3) the horizontal plane Z=0 
which lies between these hemispheres. 

We shall also express the surface element of the large 
hemisphere as: 


dz=rdw (10) 


where fdw=4n for the whole space. 
We set in Green’s theorem (9): 
U=U, V=%N). (11) 


We get then in view of I: 


Ou, Ou Ou, Ou, 
—ntf mandst [ (4 
Ox Ox dy OY 
Ou, Ou, Ou ’ 
+ asm f wae (12) 
Oz OZ On 


where the surface integral is to be effected over the 
three mentioned surfaces. 

1. The integral of the right-hand side extended over 
a small hemisphere tends to zero with pe if p is the 
radius of this sphere, for we chose according to III: 


Il,—e2/R=w, (13) 
finite and continuous also at the origin. 
II,’—e#®/R=v’, (14) 
finite and continuous also at the origin. Therefore, 
w—w =11,—-Th’=m (15) 


also finite and continuous with their derivatives over 






Weyl’s path. 
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the small sphere. Hence we have there 
|u1|<M, |dd,/du| <M, (16) 


if M means a fixed number which is sufficiently large. 


Therefore, 
Ou 
J Uu 1—do 
On 


2. Consider now the integral of the right- 
hand side extended over the large hemisphere. The 
“Ausstrahlungsbedingung” demands for 1: 


limpsoR(Ou;/dn—ikyu,)=0 


<M p’2r. (17) 





or 
Ou; 
R—-—ikRu,=u' with u’-0 for Roo. 
On 


We have therefore for the conjugate %: 
RO%;/dn+iki,R=% with a (18) 
R- © 
0%; /On=tkii+ ti’/R with uy’ (19) 


Therefore : 
f u(—ikt+ uy')dz= f (— attain’ /R)az, (20) 
with d2=r°dw the right-hand side becomes: 

J (-ihustiR+ Ruste’de, (21) 


where Rw; is finite according to IV’ for Ro, w,’-0 
for R-, dw is finite. 

Therefore, the second term in the integral vanishes 
over the large hemisphere. 1%: is real and the integral 
which is finite because of IV’ is pure (negative) 
imaginary. 

3. Consider now the integral extended over the plane. 
The formula of Green is reduced to: 


Ou, nos 
—ief raent 
Ox — 


Ou, Ou, 


Oz O02 


ous ot 


ay ay 


Ou; 
=— ih f Reustidart f tala (22) 
nN 


The first member is real, the first term of the second 
member is imaginary. 
In a similar way we get for the second medium: 


Ou2 OU2 
—ist f waiedsit f (= —+ Nas, 
Ox Ox 


; Ouse 
= —ik, jf R2Uu2tiedw+ f uz—do. (23) 
on 
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Multiply (22) by 1/h:?, (23) by 1/k:? and add, we get: 


f wads f Utd S 


1 (~ Ou, 


+ as; 
dx ox 
OuU2 sain 
-—f (—. aS: 
Ox Pt 
R?2 R? 
-if —u0ydw+ if —Ugtedw 
ky ke 


lower sphere 


ki? 


upper sphere 


Ou; 1 
-{fz ee _ trade, (24) 


—— plane 


Since the direction of differentiation » means always 
the direction of the outside normal of the field con- 
sidered, we have along the plane: 


0/dn=—0/dz, in the upper space; 
0/dn=+0/dz, in the lower space. 


In view of the boundary condition JJ, the expression 
between brackets vanishes and an equation remains 
which is purely real on the left side and purely imaginary 
on the right side. Equation (24) is valid only if 
vanishes and similarly #2. Hence the difference between 
our two admitted solutions II and II’ vanishes and the 
solution is unique. We admitted herein f;,2 real, and 
the validity of the ‘‘Ausstrahlungsbedingung.”’ 

Our purpose is now to show that the surface wave 
does not meet the “Ausstrahlungsbedingung.” This 
wave has the expression (if we confine ourselves to 
positive z and large 7): 


P=(const./r}) exp(—ikiz cos$p+ikir sings) 


with cos@g> 0. 

It is evident that this corresponds to a convergent 
wave, coming from infinity. We prove that also by sub- 
stitution in formula IV’. 

To do this, we fix the value of r; we have for z>r 
0/dn=0/dz=(0/0R)(OR/dz). We set therefore z~R, 
and we get then: 


2r 
lime < ik) =lime(—) exp(ik; sindar) 
youre sr 


X (—ik: cospp—iki) exp(—ikiz cosdsz) 
—o for z>0 


and does not vanish. 

The wave equation is analytic in the constants ,”. If 
we possess the solution for & real, it may be analytically 
prolonged for & complex. We reach then solutions which 
do not contain the surface wave. 


SURFACE WAVES 








Fm. (d)»-0 
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We have just shown that the radiation condition 
plays a decisive role in the present problem. The radi- 
ation from sources placed in a homogeneous medium 
over a conducting plane cannot contain any term cor- 
responding to a surface wave, because such a wave 
would not fulfill this condition. The integration paths, 
therefore, must be chosen so as to fulfill this condition. 
We reach then the result shown in Fig. 3. By evaluating 
the integrals taken along path 1, which correspond to 
those of Weyl, no term belonging to the surface wave 
appears, as this author points out. That is why this 
path leads to the correct solution. By making the 
integration path pass through the pole placed at point 
P (Fig. 3), the integral of the problem breaks into two 
parts, namely, the residue of the pole which precisely 
gives rise to a surface wave, and the integral taken 
along the cut. According to Cauchy’s theorem, the sum 
of these two parts must be equal to the integral ex- 
tended over path 1. In other words, the integral taken 
along the cut must contain in itself a term corresponding 
to a surface way, but with the opposite sign so as to 
annul the term due to the pole. We are now going to 
show the existence of a saddle-point C in the neighbor- 
hood of pole P (Fig. 4). To this end, let us plot the 
modulus of the integrand (4) along the dotted line AA’ 
of Fig. 3. When starting from the pole, the modulus 
decreases according to exp(iA)/(A—Ap) as soon as we 
walk off in the positive direction along the axis AA’ 
parallel to the positive imaginary axis. In the opposite 
(negative) direction, this modulus decreases at first, 
according to 1/(A—Aj;), whereas exp(7A) increases when 
In(A) decreases and becomes negative. The residue can 
be calculated, as we shall show, by the saddle-point 
method. Taking into account the directions of the two 
paths, a and }, (Fig. 3) we see that the two terms of 
opposite sign corresponding to the two surface waves 
compensate each other. The cut thus provides, in 
addition to the space wave, a term which annuls the 
residue, as Cauchy’s theorem requires. Therefore, 
Epstein’s remarks are not correct: It is the integration 
path 1 which alone is to be chosen. Sommerfeld seems 
to have overlooked the existence of this saddle-point. 
Though this author’s integral taken along the cut con- 
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tains this saddle-point, the asymptotic development 
used by him does not contain it. That is the root of the 
present problem. 

We wish to point out that most of the authors place 
the pole between k; and ke, at a point (indicated by a 
cross on Fig. 3) where it does not exist. 

Now we can easily find the saddle-point. We restrict 
ourselves to the case z=0 and develop the integral in 
the neighborhood of the pole. By making use of the 
asymptotic expression of the Hankel function, we may 
write, with a coefficient a: 


Ho (Ar) "oad 
ky?(\2— he?) *+-e?2(A2—h?)? (Ar)? A—Ap 





gies exp[ iAr—In(A—Ap) ]. 
(Ar)? 
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By annulling the derivative of the exponent, we get 
ir—(1/A—Ap) =0, A=A_—2/r. 
SUMMARY 


It results from the above considerations that: 

1. The surface wave is not contained in the radiation 
of the dipole. 

2. The problem is unique also for k; and ke real if we 
take into account the radiation condition. 

3. The surface wave does not meet this condition. 

4. The paths of integration of the primary radiation 
can be chosen so as to fulfill this condition. 

5. Wey] fulfills this condition in his method. 

6. Sommerfeld overlooked in his work the existence 
of a saddle-point. 

7. The theory is in agreement with the measure- 
ments of Burrows. 
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For an ideal statistical gas, where PV = sE, all thermodynamic functions can be derived from G(V, T), i.e., 


A(V, T) is given by a suitable integration over G(V, T). Since G= Ny, the normalization constant, u(V, T), 
of the distribution function is sufficient to provide a complete thermodynamic description of such a system. 
With the aid of the X-theorem it is shown that there is a sharp physical distinction between the degenerate 
and non-degenerate Bose-Einstein gases; to any given density there corresponds a transition temperature 
between them. The method developed is applied to the general (relativistic and non-relativistic) non- 
degenerate quantum and degenerate Fermi-Dirac gases. 


INTRODUCTION 


BEY _gas composed of mechanically non-inter- 
acting particles in equilibrium in an m dimensional 
space! obeys the state equation? 


PV=sE(V, T), (1) 


where s=1/o=2/n, non-relativistic (E<mc?), and 
s=1/0=1/n, completely relativistic (E>>mc?). A num- 
ber of important consequences follow from this equa- 
tion.* It imposes a restriction on the possible functional 
forms which the thermodynamic functions may take. 
In particular, 


E(V,T)=T¢(z), (2)  G(V,T)=Tm(z), (3) 


where z= 7 V*. If the individual particles obey quantum 
mechanics, then, from the 8(Aleph)-theorem, such an 
ideal statistical gas obeys the third law, and as 7-0 has 


1 This is to allow for two-dimensional statistics. R. H. Fowler and 
E. A. Guggenheim, Statistical Thermodynamics (Cambridge Uni- 
versity Press, London, 1939), p. 239; B. N. Singh, Ind. J. Phys. 
15, 73 (1941). 

2H. Einbinder, Phys. Rev. 74, 803 (1948). 


either a zero-point = 2 V-*, (@E/dV)7r<0, or 
condenses: P= BT*+!, (9E/dV)r>0. In the latter case, 
G(V, T)=0. 

These results allow a notable simplification in the 
calculation of the thermodynamic functions for such 
systems in quantum statistics. The standard procedure‘ 
is to evaluate the normalization constant, u(V, 7), of 
the distribution function, f(e, u/kT), by 


v= f Cle, 2)fle, u/kT)de=N(s, n/kT), (4) 


where C(e, z) is the number of energy states in a range 
de. Since it can be shown that u(V, 7) is the chemical 
potential,® then 

G=Nu. (5) 


Solving Eq. (4) for u is, therefore, equivalent to finding 


*R. C. Tolman, Principles of Statistical Mechanics (Oxford Uni- 
versity Press, London, 1938), p. 384. J. E. Mayer and M. G. Mayer, 
Statistical Mechanics (John Wiley & Sons, Inc., New York, 1940), 
pp. 378, 416. 

5 See reference 4, J. E. Mayer and M. G. Mayer, p. 121. 
























DEDUCTIONS FROM THE &8-THEOREM 


G(V, T), Eq. (3). The energy is given by 


E= f Ce, 2)fle, u/bT )de= Ele, u/tT), (6) 


and eliminating u between (6) and (4), E(V, T), Eq. (2), 
is obtained. As N(z, u/kT) and E(z, u/kT) are infinite 
series in u/kT, this elimination process becomes ex- 
tremely laborious as the number of terms found 
increases. 

It will be demonstrated that the use of Eq. (6) and the 
elimination of w» are wholly unnecessary; Eq. (4) is 
sufficient to provide a complete thermodynamic de- 
scription of such a system. 


G(V, T) AS A COMPLETE FUNCTION 


In general, G(V, T) is not a complete (characteristic) ® 
function, i.e., one from which all the others can be 
derived. However, because of Eq. (1), G(V,T) is a 
complete function for an ideal statistical gas. 

The Gibbs-Helmholtz equation can be written as 


AGHA * 


Using Eqs. (2) and (3), 
¢'—ap=om'(z), (8) 


where ¢=1/s, m(z) is a known function and the primes 
denote derivatives with respect to z. The solution of this 
differential equation for ¢ is 


o=aom(z)— oe B- « f mayerorvas] (9) 


Multiplying through by 7, and rearranging the re- 
sulting equation, then, 


A(V, T)= Te] Be f m(a)x-ras] (10) 


If it is more convenient to set G= V~‘n(z) in Eq. (10), 
then T and m(z) should be replaced by V~*z and zn(z), 
respectively. 

A(V, T) is a complete function; differentiation yields 
all the other thermodynamic functions. However, here, 
where both G=(1+s)E—TS and A= E—TS are known 
functions, it is simpler to algebraically eliminate be- 
tween them. 

As ¢ is obtained by solving a first-order differential 
equation, the arbitrary consfant B, which contributes a 
term E/V=ocBT*+, must be evaluated. Now 


N;/Cj= Cexp(e-w/ kT) +6)". 


. _ J. W. Gibbs, Collected Works (Longmans Green and Company, 
New York, 1928), Vol. 1, p. 86. 


(11) 
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For Fermi-Dirac statistics, where 8= 1, u is a continu- 
ous function for all ¢;. When V/N and T are large, Eq. 
(11) reduces to Maxwell-Boltzmann statistics; in this 
limit E=NkT. Therefore, B=0 in Fermi-Dirac sta- 
tistics. Here the distinction between the degenerate and 
non-degenerate gases is one of mathematical con- 
venience only; it has no physical significance. 

Such is not the case in Bose-Einstein statistics where 
B= -—1. Since the distribution function must always be 
positive, ~ cannot be positive. With decreasing V/N 
and T (degenerate gas), » becomes virtually zero; an 
appreciable fraction of the particles are in the state of 
zero energy, E/V=aBT*+, B0. The existence of this 
zero-energy state as T—0 is also a direct consequence of 
the X-theorem due to the statistical attraction of 
bosons (0Z/dV)r>0. For tthe non-degenerate limit, 
large V/N and T, where (11) reduces to Maxwell- 
Boltzmann statistics, E=NkT and B=0. Thus, there 
is a sharp physical distinction between the degenerate 
and non-degenerate states where B¥0 and B=0, 
respectively, i.e., for a given V/N there is a char- 
acteristic transition temperature between them (3.14°K 
for a gas with molecular weight and density of liquid 
He).’ Note that for black-body radiation the number 
of photons is not fixed, n=0, so E/V=cBT® (Stefan- 
Boltzmann law) at all temperatures; it represents the 
degenerate case of relativistic Bose-Einstein statistics.® 

The distinction between these two states for bosons 
is brought out more clearly by reconsidering the condi- 
tions used to prove the X8-theorem.’ Since E(V, T) is a 
continuous function, using Eq. (2) it can be represented 
by the series expansion 


E(V, T)=T > az*i (6;>—1). 


7=0 


(12) 


As T—0, the lowest power of T will be the only im- 
portant term; but the uncertainty principle requires 
that V(P, T)>0 when 0< P< «© and0<T< , whence, 
b;> 0. Thus, in the low temperature (degenerate) region, 
E(V, T) is given by an ascending series in z whose first 
and dominant term, a7Z2’, corresponds to the con- 
densing gas. Actual statistical calculation shows that 
there is only one non-zero coefficient, namely ap. 

As T—>~ (non-degenerate gas) the highest power in T 
domiriates the expansion, but 0;< o to maintain dynamic 
stability, (@P/dV)7<0. Therefore, in this case the ex- 
pansion is a descending series in z whose dominant term, 
ao Tz’, is again the condensing gas. With this expansion, 
B can be eliminated from Eq. (10) for the Fermi-Dirac 
and non-degenerate Bose-Einstein gases without a re- 
sort to the energy of the Maxwell-Boltzmann gas. 
The only assumption required is that as T->~, 
P=P(V, T), i.e., the gas does not condense. 

From the two separate series expansions for E(V, 7) 


7 See reference 4, J. E. Mayer and M. G. Mayer, p. 418. 
8 0 S. Kothari and B. N. Singh, Proc. Roy. Soc. A178, 135 
1941). 
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which have been derived, the sharp distinction between 
the degenerate and non-degenerate states is evident. 
Further, it is not surprising that at the transition 
(condensation) point between them there should be 
discontinuities in the thermodynamic derivatives,’ e.g., 


dC,/dT. 
APPLICATIONS 


Since B=0 for the general non-degenerate quantum 
and degenerate Fermi-Dirac gases, Eq. (10) may be used 
to calculate A(V, T) from their respective G(V, T), but 
cannot be used for the degenerate Bose-Einstein gas, 
where G=0, as B cannot be evaluated for this gas. 
However, here the calculation of E(V, T) by standard 
methods, Eqs. (4) and (6), is quite simple. 

For the general non-degenerate quantum gas®® 


G=NkT {|nx+ 2a;Bx— (3/2) a2(Bx)? 


+ (4/3)as(Bx)®—---} (13) 


where 
a,=1/2°), a= 2/31/42, 
a3= 3/40D 4 5/28H— 3/62, 
“= (I'(n/2)/T(o))(W?/m)"?(N/CgV(RT)”), 


non-relativistic: C= (2m)"?, c=1/s=n/2; 
relativistic: C=c-*, c=1/s=n; 


Fermi-Dirac: 8=1; Bose-Einstein: B= —1. 


®F. London, Phys. Rev. 54, 947 (1938) ; B. N. Singh, Ind. J. 
Phys. 14, 459 (1940). 
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Substituting (13) into Eq. (10), 


= — NET f {—o Ing*az-+2a,(az)-° 


— (3/2)a2(az)—?°+ (4/3)a3(a@z)—8*}2-“+Ydz, (14) 


where Bx= (az)~*. So 
A=—NkT{1—Inx—a,Bx+4a2(6x)? 
— (1/3)a3(Bx)*—---}. 


This also includes the Maxwell-Boltzmann gas as a 
special case, i.e., when all the a; are zero. 
For the general degenerate Fermi-Dirac gas,?° 


G={NkRT/(s+1)y} {s+1+(s—1)ay’ 
—(s—$)coy*+ ras I, 


(15) 


(16) 
where 


6:=(o+1)2?/6, co=(o+1)(o—1)(9— 20) 24/120, 
y=([T(ot+1)x}°. 


So with y= bz and G= V~‘n(z), then 


A=— {oNkTz**1/(s+1)bz} fist 1+ (s—1)c,(bz)? 


— (s+ 3)c2(bz)*} 2-2 dz (17) 
and 
A={NkRT/(s+1)y} {1—ervy’+(1/3)cxyt— +--+}. (18) 


10 B. N. Singh, Ind. J. Phys. 15, 73 (1941); D. S. Kothari and 
B. N. Singh, Proc. Roy. Soc. A180, 414 (1942). 
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The magnetic susceptibility of zinc has been investigated down to liquid hydrogen temperatures in fields 
ranging from 3 to 10.5 kilogauss. Measurements were made on single and polycrystalline specimens by the 
Faraday method. At 20°K, the susceptibility parallel to the hexagonal axis shows a marked field dependence 
similar to that found by de Haas and van Alphen for the susceptibility of bismuth perpendicular to the 
trigonal axis. Maxima were observed at 4.1, 5.6, and 9.8 kilogauss; minima at 4.8 and 7.1 kilogauss. The 
amplitude of the oscillations decreases with temperature increase but some field dependence persists 
to 64°K. The susceptibility in a plane perpendicular to the hexagonal axis remains isotropic down to the 
lowest temperature investigated (14°K) and is independent of the field. Oscillations in susceptibility charac- 
teristic of the de Haas-van Alphen effect were not observed in measurements on a polycrystal. 

The results are compared with those for bismuth, and it is noted that the observation of the de Haas- 
van Alphen effect in zinc supports the view that this effect is closely related to the anomalous field de- 
pendence of resistance which has been previously observed for both metals at low temperatures. 





INTRODUCTION 


N 1930, de Haas and van Alphen! observed that at 
liquid hydrogen temperatures, the diamagnetic 
susceptibility of bismuth single crystals becomes a 
complicated periodic function of the magnetic field. 
This has come to be known as the de Haas-van Alphen 
effect. The effect is confined to a plane perpendicular to 
the trigonal axis and is such that the susceptibility 
which is isotropic at high temperatures, becomes aniso- 
tropic at temperatures for which the field dependence 
occurs. Subsequently de Haas and van Alphen? inves- 
tigated several additional metals and found no field 
dependence of susceptibility. Since the latter measure- 
ments were made on polycrystalline specimens, the 
results cannot be regarded as conclusive. 
Shoenberg and Uddin** studied the effect in greater 


detail for pure bismuth and bismuth alloys. In every - 


case, the result of alloying was to reduce the magnitude 
of the field dependence. They concluded that such de- 
pendence must be limited to an extremely narrow range 
of bismuth-like electronic structures and was therefore 
unlikely to occur in other pure metals. In this con- 
nection, they® also investigated antimony at 4°K and 
found the susceptibility to be independent of the field. 

In the first attempt to formulate a theory of the 
de Haas-van Alphen effect, Peierls* considered the 
quantization of essentially free electrons in a magn- 


* Part of a dissertation submitted in 1947 to the faculty of the 
Graduate School of Yale University in candidacy for the degree 
of Doctor of Philosophy. 

** Now at the Institute for the Study of Metals, University of 
Chicago, Chicago, Illinois. 

*** Assisted by the ONR under contract N6ori-44. 

1W. J. de Haas and P. M. van Alphen, Comm. Phys. Lab. 
Leiden, Nos. 208d, 212a (1930). 

?W. J. de Haas and P. M. van Alphen, Comm. Phys. Lab. 
Leiden, No. 225b (1933). 

P 036 Shoenberg and Z. M. Uddin, Proc. Roy. Soc. A156, 687, 701 

‘D. Shoenberg, Proc. Roy. Soc. A170, 341 (1939). 

P 936 Shoenberg and Z. M. Uddin, Proc. Camb. Phil. Soc. 32, 499 

°R. Peierls, Zeits. f. Physik 81, 186 (1933). 


netic field and showed that all metals should exhibit the 
effect under conditions such that «A> kT. However, for 
fields and temperatures attainable in the laboratory 
(~1°K, ~10¢ gauss), uwH> kT unless the effective mass 
of some of the conduction electrons is abnormally 
small. As this is just the condition for large normal dia- 
magnetism, Peierls concluded that the effect would only 
be observable in metals exhibiting large diamagnetism. 

Blackman’ and Landau® extended Peierls’ theory by 
considering the particular electronic structure of bis- 
muth. Fair quantitative agreement with experimental 
data was obtained by assuming that the electrons 
responsible for the fluctuations in susceptibility were 
only 1 percent of those contributing to the large dia- 
magnetism at higher temperatures and therefore large 
diamagnetism is not an essential condition for the 
occurrence of the de Haas-van Alphen effect. As to 
predicting additional occurrences of the effect, the 
theory is inadequate since it depends on a more detailed 
account of the particular electronic structures of other 
metals than is presently available. 

That the de Haas-van Alphen effect might be ob- 
served in zinc was suggested by an experiment per- 
formed in 1939 by Lazarev ef al.° who found an 
anomalous field dependence of resistance for zinc single 
crystals. Schubnikov and de Haas'® had discovered that 
in -addition to a field dependence of susceptibility, 
bismuth also exhibited a peculiar field dependence of 
resistance at low temperatures consisting in maxima 
and minima superimposed on the normal increase in 
resistance with increase in magnetic field. The theory 
which Davydov and Pomeranchuk" developed to 
account for this phenomenon, indicates that the re- 


7M. Blackman, Proc. Roy. Soc. A166, 1 (1938). 

8L. Landau, by private communication to Shoenberg. See 
reference 4. 

®B. G. Lazarev, N. M. Nachimovich, and E. A. Parfenova, 
Comptes Rendus (URSS) 24, 855 (1939). 

10L, Schubnikov and W. J. de Haas, Comm. Phys. Lab. 
Leiden, Nos. 207a, 207d (1930). 

11 B. Davydov and I. Pomeranchuk, J. Phys. (U.S.S.R.) 2, 147 
(1940). 
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TABLE I. Values of susceptibility for zinc at room temperature. 











—X X10 —x, X10 xX X105 Xu/Xa 
McLennan, Ruedy, and . 

Cohen* 0.190 0.145 0.160 1.31 
Rao> 0.202 0.149 0.167 1.36 
Endo* polycrystal 0.126 
de Haas and van Alphen* polycrystal 0.143 
Specimen A 0.169 0.124 0.139 1.36 
Specimen B 0.169 0.124 0.139 1.36 
Specimen C polycrystal 0.141 








* McLennan, Ruedy, and Cohen, Proc. Roy. Soc. Al21, 9 (1928). 
bS. R. Rao, Proc. Ind. Acad. Sci, 4, 186 (1936). 

¢ H. Endo, Sci. Tohoku Imp. Univ. 14, 479 (1925). 

4 See reference 2. 


sistance fluctuations should be accompanied by a 
marked de Haas-van Alphen effect. 

Lazarev’s® experiment showed a similar field de- 
pendence of resistance for zinc single crystals. In the 
case of zinc however, it occurs for only one orientation 
of the crystal with respect to the magnetic field and is 
not observable for deviations of as little as 5 percent 
from the one orientation. This indicated that the 
de Haas-van Alphen effect might be observable in zinc 
single crystals although it was not found in previous 
measurements? on polycrystals. Accordingly, a pre- 
liminary investigation of zinc single crystals was made 
at liquid hydrogen temperatures. Initial results were 
reported in an earlier communication.” The present 
paper gives a more extensive account of this research. 


EXPERIMENTAL PROCEDURE 


Single crystals of zinc were grown using metal from 
two different sources. Specimen A was prepared from 
Eimer and Amend chemical purity zinc shot with total 
impurities given as less than 0.01 percent and iron 
impurities as 0.003 percent. Specimen B was prepared 
from Johnson, Matthey & Company “H. S.” brand zinc 
rods for which spectrographic analysis indicated total 
impurities of less than 0.0001 percent. Crystal A was 
grown by allowing a bead of the molten metal, sealed 
under a vacuum in a Pyrex tube, to cool slowly in an 
electric furnace. Crystal B was grown by the Bridgman" 
method whereby a Pyrex tube containing a poly- 
crystalline rod of the metal and sealed under a vacuum, 
was slowly lowered out of an electric furnace. Orienta- 
tion was determined by cleavage. A polycrystal, speci- 
men C, was prepared from the higher purity material by 
rapid quenching from the melting point. The mass of the 
specimens ranged from 0.5 to 0.7 g and the maximum 
dimension of the largest crystal was 0.6 cm. 

Susceptibilities were determined by the Faraday 
method in which the force on a-small specimen in an 
inhomogeneous field is given by F=xmH,(0H,/d2), 
where x is the susceptibility per unit mass, m the mass 
of the specimen, H, the horizontal magnetic field and 


12 J. A. Marcus, Phys. Rev. 71, 559 (1947). 
18 P. W. Bridgman, Proc. Am. Acad. Arts Sci. 60, 305 (1925). 
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0H,/dz the gradient of the field in the vertical direction. 
The field varied by about 10 percent over the volume of 
the specimen. It was found that this amount of varia- 
tion did not appreciably effect the results for the range 
of fields used (3 to 10 kilogauss). Absolute values of 
susceptibility were determined in terms of a poly- 
crystalline bismuth standard of the same dimensions as 
the specimen. The susceptibility of the bismuth stand- 
ard was known to be (—1.31+0.01) x 10-®. 

To minimize the error of placement in changing 
specimens, specially designed pole pieces were used 
similar to those employed by Foex and Forrer.'* With 
these poles, the force varied by less than +1 percent for 


a +0.3 cm displacement of the specimen. As the posi- 


tion of the specimen could easily be reproduced to 
0.005 cm, the error from this source was negligible. 

In the expression for the magnetic force given above, 
x is the susceptibility in the direction of the field. For 
a single crystal, the magnetization does not generally 
coincide with the direction of the applied field. If as is 
usually the case, the magnetization is a linear vector 
function of the field, then for crystals with the hexagonal 
symmetry of zinc, the measured value of susceptibility 
is related to the principal susceptibilities x,, (in the 
direction of the hexagonal axis) and x, (at right angles 
to the hexagonal axis) by the expression 


x= (xu Sin’6+x, cos’p) cos*@+ x, sin?@, (1) 


where ¢ is the angle between the hexagonal axis and 
the vertical z direction and @ is the angle between the 
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Fic. 1. Variation of the susceptibility of a zinc single crystal 
with angular orientation for ¢=90° and H=8.25 kilogauss at 
293°K, 60°K, and 20°K. 


4G. Foex and R. Forrer, J. de Phys. 7, 180 (1926). 
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Fic. 2. Variation of the susceptibility of a zinc single crystal 


with angular orientation for ¢=0° and H=8.25 kilogauss at 
293°K and 20°K. 


field and the projection of the hexagonal axis on the 
horizontal x— y plane. 
The present measurements were made with ¢=90° 
or 0° so that 
X=xn cos’?6+ x, sin’, (2) 


X=Xa (3) 


respectively. For either mode of suspension, rotation of 
the magnet permitted variation of @ through 360°. 
Where ¢=90°, x varies sinusoidally with @ and the 
principal susceptibilities were determined from the 
maxima and minima which occur at @=0° and 90°, 
respectively. 

Where the susceptibility is field dependent, the 
magnetization is not a linear vector function of the 
field and Eq. (1) is not valid. Therefore, if x is measured 
as a function of @ in a constant field, any field de- 
pendence of x will be apparent as deviations from (2) 
and (3), providing a convenient method for detecting 
the de Haas-van Alphen effect. Following this procedure 
in the initial measurements, only x,, was found to be 
field dependent. The field dependence of x,, was then 
studied by varying the field for the fixed orientation 
¢=90° and 6=0°. 

The forces, which ranged from 0.2 to 5 dynes, were 
measured by means of a Sucksmith!® ring balance con- 
structed by S. H. Browne!* for measurements at liquid 
nitrogen temperatures. The only modification required 
was a more sensitive ring since Browne’s had been 
designed for the measurement of considerably larger 
forces. With a ring 9 cm in diameter formed from a 
strip of phosphor bronze 0.20 cm wide and 0.010 cm 
thick, the sensitivity was 1 dyne per mm deflection of 
the optical image. The position of the image could be 
read to 0.001 mm but mechanical vibrations and a 
slow drift in the zero position due to thermal effects 
limited the accuracy of the force measurements to 
+0.01 dyne under average working conditions. 

The specimen was suspended from the balance ring 
by a quartz fiber 0.01 cm in diameter. No correction 
was made for the magnetic force due to the suspension 
alone as it was less than 1 percent of the total force. 


® W. Sucksmith, Phil. Mag. 8, 158 (1929). 
16S. H. Browne and C. T. Lane, Phys. Rev. 60, 899 (1941). 
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To eliminate the large magnetic effect of oxygen at 
low temperatures, the balance was evacuated and then 
filled with helium gas at a pressure of about 30 cm of 
mercury to provide thermal equilibrium between the 
specimen and the surrounding bath. 

The low temperatures were obtained by using liquid 
hydrogen and nitrogen and were determined from the 
vapor pressures. 


RESULTS AND DISCUSSION 


Principal susceptibilities of the specimens used, 
measured at room temperature, are given in Table I 
along with the determinations of other investigators. 
For single crystals, the mean values of susceptibility, x, 
were calculated from x=4(xi+2x,). The estimated 
error in our absolute values is less than 4 percent and 
similar estimates are given by the other investigators. 
Such large discrepancies between the individual values 
characterize most of the available data concerned with 
magnetic properties of metals and has usually been 
attributed to the presence of impurities. However, the 
anisotropy given by x,,/x, (which is independent of the 
calibration errors) varies by less than 4 percent and it 
seems unlikely that impurities present in sufficient 
amounts to account for the large discrepancies in the 
individual values of x,, and x, should have so little 
effect on the ratio. 

Since the data on both single crystals employed in the 
present investigation were in substantial agreement, 
the specimens will not be distinguished in stating the 
results. 

Figure 1 shows the variation of x with 6 for ¢=90° 
and H=8.25 kilogauss at the temperatures 293°K, 
60°K, and 20°K. At 293°K, the variation is sinusoidal 
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Fic. 3. Variation of x1 with magnetic field at 293°K, 
60°K, 20°K, and 14°K. 
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Fic. 4. Variation of the susceptibility of a zinc polycrystal with 
magnetic field at 293°K and 20°K. 


as expected from Eq. (2); at 60°K some departure from 
Eq. (2) is apparent and at 20°K the effect is pro- 
nounced, indicating a marked field dependence of 
susceptibility. Additional rotation curves at liquid 
nitrogen temperatures showed that above 64°K, the 
deviation from Eq. (2) was less than the experimental 
error. 

Variation of x with 6 for ¢=0° and H=8.25 kilogauss 
at 293°K and 20°K is shown in Fig. 2. At both temper- 
atures the susceptibility is isotropic in the basal plane 
(the greater spread at 20°K being due to an increase in 
vibration due to boiling of liquid hydrogen). The latter 
result together with the rotation curves for ¢=90° 
indicate that the field’ dependence is confined to x. 
This was confirmed by measurements of x,, and x, in 
fields ranging from 3 to 10.5 kilogauss. 

The field dependence of x,, at 293°K, 60°K, 20°K, 
and 14°K is plotted in Fig. 3. While at 293°K, x,, is 
independent of the field, the curve at 20°K shows the 
marked oscillations characteristic of the de Haas-van 
Alphen effect. At 20°K and 14°K, the positions of the 
maxima and minima occur at approximately the same 
field strengths; the amplitude on the other hand is con- 
siderably increased with decrease in temperature. 
Thus, between the minimum at 7.1 kilogauss and the 
maximum at 9.8 kilogauss, the difference in suscepti- 
bility of 0.09 10~- at 20°K increases to 0.162 10~* at 
14°K. If the increase in amplitude with temperature 
decrease continues at the same rate, then in the neigh- 
borhood of 4°K, the minima should be paramagnetic. 
At 60°K, x,, is still field dependent though the oscilla- 
tions have smoothed out to the extent that the de 
Haas-van Alphen effect is no longer obvious. 

The complicated form of the rotation curve at 20°K 
(Fig. 1) suggested that the effect might average out for 
a polycrystal. The results of measurements on a poly- 
crystalline specimen are shown in Fig. 4. The specimen 
may not have been a true polycrystal since the average 
grain size was about 0.5 mm. However, the rotation 
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curve at room temperature showed only a small devia- 
tion from the straight line. Comparison of the field 
dependence curve at 20°K with the corresponding curve 
for a single crystal (Fig. 3) shows that the de Haas-van 
Alphen effect is hardly apparent in measurements made 
on a polycrystal, accounting for de Haas and van 
Alphen’s? failure to observe it in their previous mea- 
surements. 

It is interesting to compare the above results with 
those for bismuth. In bismuth the effect is somewhat 
more complicated as the susceptibility is independent of 
the field only when the field is parallel to the trigonal 
axis. The field dependence occurs in a plane perpen- 


‘dicular to the trigonal axis, the periodicity being differ- 


ent in directions parallel and perpendicular to a binary 
axis. In both metals, the oscillations take place about a 
mean diamagnetic value, the spacing and amplitude 
increasing with increasing field. The amplitude is 
greater for bismuth than zinc but in zinc the oscillations 
constitute a greater fractional change in the mean value 
of susceptibility and as aforementioned, it seems likely 
that some of the minima may become paramagnetic at 
about 4°K. Bismuth remains diamagnetic to 2°K and 
Blackman’ concluded that only a small fraction of the 
electrons responsible for the large mean value of diamag- 
netism contribute to the de Haas-van Alphen effect. 
No such conclusion can be drawn in the case of zinc 
as the mean diamagnetism is less than that of free zinc 
ions (—0.2310~-*) and the net effect of the electrons 
must be paramagnetic. 

For both metals, the magnitude of the oscillations de- 

creases with temperature increase. In zinc, some field 
dependence is observed at temperatures as high as 64°K 
while for bismuth, no field dependence is observed above 
35°K. ; 
The observation of the de Haas-van Alphen effect in 
zinc single crystals, together with the previous dis- 
covery by Lazarev® of an anomalous field dependence of 
resistance support the contention of Davydov and 
Pomeranchuk" that the two effects are.closely related. 
This is further borne out by the failure to observe either 
of these effects in cadmium despite its zinc-like elec- 
tronic structure: Lazarev® found no resistance anomaly 
for cadmium; in the course of the present investigation 
the susceptibility of cadmium was measured at 14°K 
but no field dependence was observed. 

The author wishes to thank Professor C. T. Lane, 
who suggested this problem, for his advice and en- 
couragement. He is also indebted to Dr. Henry Fair- 
bank for his very generous assistance. 
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It is shown that second sound is thermodynamically possible only in the absence of thermal equilibrium 
between the superfluid and normal component of He II. The tendency of the assembly to drop back irre- 
versibly to the state of internal equilibrium within a certain time of relaxation provides a consistent account 
of the observed limitations of superfluidity and heat conductivity in liquid helium. As a consequence it is 
to be expected that the times of relaxation calculated from heat conductivity measurements should be 
identical with those which can be derived from Pellam’s direct attenuation measurements in second sound. 
This expectation is confirmed within the accuracy of available data. 





INTRODUCTION 


OST of the peculiar properties of helium II can 
be described in terms of the two-fluid model 
developed by Tisza.! According to this model helium IT 
consists of two inter-penetrating fluids, one of which is 
the so-called superfluid (mass per unit volume p,) and 
the other the normal fluid (mass per unit volume p,). 
The sum (p,+ pn) is the total density p of the liquid. 
The superfluid can move with respect to the walls of 
the vessel up to a certain limiting critical speed without 
friction, while the normal fluid has a normal viscosity. 
The normal fluid carries almost the whole heat content 
of the liquid. 

The extremely high heat conductivity of helium IT? 
appears qualitatively in this model as caused by the 
flow of the normal fluid carrying the heat content down 
the temperature gradient, while this mass flow is com- 
pensated by an opposing stream of superfluid. The 
thermal resistance is in first approximation regarded as 
due to the viscosity of the normal fluid. This picture 
has been worked out quantitatively by F. London and 
P. Zilsel® for narrow slits and capillaries (r~10-* cm) 
where the mobility of the normal fluid is rather strongly 
limited by viscosity. They obtained the correct order 
of magnitude for the heat current, at least for certain 
widths of the slits used. 

The heat current calculated in this way for wider 
capillaries r= (0.01 to 0.1 cm) is greater than the ob- 
served currents by several orders of magnitude. This 
fact suggests that in these wider capillaries another type 
of resistance must be limiting the relative mobility of 
the two streams of fluid in the heat current. Another 
very significant peculiarity in the behavior of the heat 
currents in these wider capillaries is their almost exact 
proportionality with the cube root of the temperature 
gradient,‘ and this also suggests that the normal vis- 
cosity picture becomes inadequate. 

It seems natural to consider this additional limitation 
on the heat current as due essentially to the same 


1 L. Tisza, Comtes Rendus 207, 1035, 1186 (1938) ; J. Phys. Rad. 
eae 350 (1940) ; Phys. Rev. 72, 838 (1947); Phys. Rev. 75, 885 

*W. H. Keesom, Helium (Elzivier. Amsterdam-New York, 
1942), p. 282. 

*F. London and P. R. Zilsel, Phys. Rev. 74, 1148 (1948). 

* Keesom, Saris, and Meyer, Physica VII, 817 (1940). 


factors that limit the superfluidity of the superfluid at 
the critical velocity as observed in direct flow measure- 
ments of the “film” or through narrow slits.5~? This 
additional limitation, therefore, is inoperative so long 
as the viscosity of the normal fluid is able to limit the 
compensating flow of the superfluid to levels lower than 
its critical speed, as happens in narrow capillaries. In the 
wider capillaries the viscosity is unable to do this, and 
the new limitation becomes operative. 
The velocity of flow of the normal fluid u, in the heat 
current is easily calculated from the two fluid model.® 
If W is the heat current density and ¢ the thermal 
energy per unity mass of the normal fluid, u, its mean 

velocity, we have 
(1a) 


But ¢p, is to this approximation the heat content pQ 
per unit volume, therefore 


W = pQun. (1b) 


The values of u, calculated in this way from the 
measured values of Q and of W for temperature gradi- 
ents of 0.001°/cm are not only approximately equal to 
the critical velocities observed in the superfluid flow of 
the “film” and through narrow slits (1u or less), but 
depend on temperature in about the same manner 
(compare reference 8, Table I). Moreover the rate of 
flow of the “film” at velocities higher than the critical 
speed is not proportional to the pressure or temperature 
gradients producing it, but depends approximately in 
the same way as the heat currents on the cube root of 
the gradient.* 

It has been suggested that this limitation of super- 


W = €pntn. 


( Ne Daunt and K. Mendelssohn, Proc. Roy. Soc. A170, 423 
1939). 

6 P. L. Kapitza, J. Phys. U.S.S.R. 5, 59 (1941). 

7L. Meyer and J. H. Mellink, Physica 13, 197 (1947). 

8 W. Band and L. Meyer, Phys. Rev. 73, 226 (1948). 

* Atkins’ observation (K. R. Atkins, Nature 185, 925 (1948)) 
of anomalously high superfluid velocities appear to be essentially 
observations of super-critical speeds. The flow of superfluid from 
one chamber to the other was produced by supplying heat to the 
latter. As long as the flow velocity is below the critical speed the 
heat supplied is completely compensated by thermomechanical 
cooling due to the incoming superfluid. A temperature difference 
between the two chambers can appear only if the flow of superfluid 
is unable to compensate the supplied heat, i.e., when the critical 
velocity is exceeded. See Kapitza, reference 6 and Meyer and 
Mellink, reference 7. 
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fluidity is essentially a quantum effect, and that no 
understanding of the phenomenon will be possible until 
a rigorous quantum hydrodynamics has been set up.*!° 

It has also been imagined that the limitation of 
superfluidity, and also the cube root law dependence of 
the heat current on. the temperature gradient may be 
due to turbulence or some other higher order terms in 
the hydrodynamical equations for the two-fluid model, 
and that, therefore, any attempt to study the problem 
quantitatively was not likely to succeed.! #1). ** 

This paper aims to show that the limitation of super- 
fluidity can be described in terms of perturbations of 
the thermodynamic equilibrium between the normal 
fluid and the superfluid whatever the eventual inter- 
pretation of the superfluid and of the “normal fluid” 
may be. The inevitable tendency of the mixture to 
return irreversibly to thermal equilibrium and the 
resulting dissipation of energy provide a consistent 
picture both of the attenuation of second sound and of 
the thermal resistance. 


SECOND SOUND AND NON-EQUILIBRIUM 
STATES 


Second sound was predicted by Tisza! from the two- 
fluid model on the basis of the following considerations: 
If the two-fluid components do not interact—in the 
sense that there is no internal viscosity associated with 
their relative motion—the mixture has an additional 
basic mode of oscillation in which the two components 
move in opposite phase with each other. The first basic 
mode of motion in which the two components move in 
phase with each other consists of compressional waves 

“phonons”: the concentration p,/p of the mixture 
remains sensibly constant during these oscillations, and 
only the total density p varies. These are the acoustical 
modes of vibration and are identical with the longi- 
tudinal modes which play an important role in the 
theory of solids. In the second basic mode, “second 
sound” vibrations, the total density p remains fixed, 
(normal sound is absent) and only the concentration 
p»/p undergoes periodic changes. The two parts of the 
fluid have opposite velocities at every point, so that 
this mode is possible only in the absence of momentum 
transfer between the two components. 

However, there seems to be at first sight a serious 
difficulty with thermodynamics. Helium II is thermo- 
dynamically a one component system, and its state is 
completely determined by the two variables p and 7, 
the total density and the temperature respectively. As 
the total density remains constant in second sound, 
there is only one free variable, the temperature. There- 
fore, the concentration p,/p is uniquely defined by the 


*L. Landau, J. Phys. U.S.S.R. 5, 71 (1941); 8, 1 (1944); Phys, 


Rev. 75, 884 (1949). 
10 HS, Green, Proc. Roy. Soc. (London) A194, 244 (1948). 
). 


oe. 3 Gorter, Phys. i 74, 1544 (1948 

** Recent statistical work on ‘turbulence by Heisenberg (Proc. 
a. =a A195, 402 (1948)) may permit progress along this line 
of attac 
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temperature everywhere and local oscillations of this 
concentration in second sound would appear to be local 
oscillations of the temperature. In fact, Tisza originally 
called second sound “temperature waves.” 

The heat carried by the second sound waves, namely, 
by the excess concentration eApn, is propagated with 
the wave. This heat would be traveling not only down 
but also up the temperature gradients without regard 
for the second law of thermodynamics. Consider an 
arrangement in which standing second sound waves are 
maintained between the source and a perfect heat 
reflector, and let there be at least one antinode A in the 
wave pattern. If it is correct to regard p, and p, as 
uniquely defined by the temperature, then 7 must be 
oscillating at A between two extremes, say 7» and 
T,>T»o. The nodes meanwhile remain at a fixed tem- 
perature, say 7. During one phase of the wave the 
temperature T at A is increasing from T towards 7 
and heat is flowing into the region around A through the 
nodes, and therefore, going up the temperature gradient. 
Meanwhile no work is being done on the liquid because 
the source of the second sound is simply an oscillatory 
heat supply and the density p remains ideally constant. 
If in fact T and p were the only independent variables 
this would be an obvious contradiction with the second 
law of thermodynamics. This complication cannot be 
avoided by ascribing infinite thermal conductivity to 
the liquid and regarding second. sound as simply the 
limiting form of a Fourier heat wave: such a heat wave 
would have an infinite speed of propagation in the limit 
of infinite thermal conductivity, while if the speed were 
finite it would depend upon distance from the source in 
the well-known classical manner. (Compare reference 
12.) Second sound definitely has a finite speed of 
propagation characteristic of the liquid at the tem- 
perature of interest, independent of the distance from 
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NON-EQUILIBRIUM STATES IN HELIUM II 


Possibly in an unconscious effort to escape from this 
dilemma several writers have stated, either explicitly or 
implicitly, that second sound does not carry heat, but 
only the kinetic energy of the relative motion of the 
two-fluid components.*?? In practice, however, second 
sound is always excited by an oscillatory heat source 
that never cools the liquid below the initial temperature 
during any phase of the oscillation; the heat supply is 
unidirectional and oscillates only between a minimum 
(possibly zero) and a maximum input. If the mean rate 
of heat input is W ergs/cm? sec., this thermal energy 
must be carried by the wave at the speed of its phase 
velocity V,, there is a concentration of heat in excess 
of normal W/V, ergs/cm? per cm of path. The amplitude 
of the heat wave measured from minimum to maximum 
heat content is 2W/V, ergs/cm*. This statement is 
independent of any model, and simply follows from the 
experimental fact that heat supplied at the source is 
received at the detector with the phase velocity. 

This point is so fundamental that we give in 
Appendix I a more detailed proof that the heat carried 
by second sound is large compared with the kinetic 
energy of the relative motion of the two-fluid com- 
ponents. 

The answer to this apparent thermodynamic paradox 
is in fact almost trivial: namely, that at high enough 
frequencies T and p alone are not sufficient to specify 
the state of the liquid. The existence of second sound is 
possible only in the absence of thermal equilibrium 
between p, and p,; this provides the required extra 
degree of freedom and, in fact, renders the thermo- 
dynamical temperature T of the mixture as a whole 
essentially meaningless. This situation is already 
familiar in connection with Einstein’s”* theory of dis- 
persion of ordinary sound in a dissociating gas.® At low 
frequencies the dissociation equilibrium can follow the 
changes of pressure and temperature in the wave, but 
by increasing the frequency we must reach a situation 
in which the dissociation equilibrium cannot adjust 
itself rapidly enough to keep up with the sound vibra- 
tions. At still higher frequencies the two dissociating 
components behave as essentially independent fluids, 
their mutual thermal equilibrium never having time to 
readjust itself to the changes occurring in the wave. 
The concentration then becomes a third independent 
variable. Einstein showed that this mechanism would 
cause dispersion and attenuation of ordinary sound in 
the dissociating gas in a transition region at frequencies 
where the period of the wave nearly equals the time 
required for a perturbation from equilibrium to regress 
spontaneously, usually called the time of relaxation. 

The two components of a dissociating gas do not lead 
to observable second sound even at high enough fre- 
quencies simply because internal viscosity hinders their 
relative motion: if such second sound existed it would 
probably be damped out too rapidly to be observed. 


® R. Dingle, Proc. Phys. Soc. (London) 61, 9 (1948). 
8 A. Einstein, Sitz. Berl. Akad. 1920, 380. 
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But in He II the superfluidity of the low-energy com- 
ponent ensures the existence of second sound provided 
the frequency is high enough to inhibit the thermal 
equilibrium of the concentration. 

If we can decrease the frequency so far that the wave 
period becomes comparable with or even longer than the 
relaxation time for the thermal equilibrium between 
the two parts of the fluid, then thermodynamics will 
enforce its restrictions and second sound will be damped 
out. At high frequency the concentration pn/p varies in 
a manner that can be calculated from the equation of 
continuity applied to each fluid component separately, 
that is, assuming no transitions of particles between the 
two fluids and no coupling with temperature; at low 
frequency the concentration variations become uniquely 
determined by temperature variations and particles 
have to transfer from one component of the fluid to 
the other if they move relative to each other. The 
numerical evaluation of this effect is given in Appendix 
II. 

This picture leads to the following wave equation, the 
“telegrapher’s equation,” for second sound applicable 
at all frequencies :* 


0p,/0?+ dp,/dt/t= VV" pn. (2) 


In this equation the term 6,/7 takes care of the dis- 
sipation of relative momentum due to transition of 
particles between the two fluids during their relative 
motion. The velocity V,* is a complex quantity* 
because of the irreversible relaxation towards equi- 
librium after perturbation, and its effect on the “elas- 
ticity constants” in the Hamiltonian. Essentially the 
same relaxation time 7 appears*** in the detailed ex- 
pression for V,*. If we were to neglect the relative 
momentum dissipation, and retain only the complex 
velocity, we would obtain the same effects as derived by 
Einstein for normal sound. Second sound waves would 
exist even at frequencies much lower than 1/7 but with 
a different velocity of propagation. Attenuation would 
be present only in the transition region. The presence 
of the relative momentum dissipation, however, requires 
that when the maximum attenuation is reached, the 
wave equation degenerates into a diffusion equation. 
For still lower frequencies we then get only the classical 
Fourier type of heat wave (diffusion) without any true 
propagation of second sound, just as in the well-known 
solutions of the “‘telegrapher’s equation.” 


HEAT TRANSFER AND ATTENUATION 
IN SECOND SOUND 


Consider a second sound wave in which the density of 
normal fluid oscillates in the following manner: (See 


18 W. Band and L. Meyer, Phys. Rev. 74, 386 (1948). 

*** Dr. J. B. Garrison has drawn our attention to the desira- 
bility of a more generally rigorous treatment of the relaxation 
problem in a system that has three independent variables at high 
frequencies. Such a treatment would yield more than one relaxa- 
tion time and possibly even modify the non-equilibrium elastic 
constants slightly. 





W. BAND AND L. MEYER 


TABLE I. Values of relaxation times. 








Steady heat 
flow 

7 X1073 sec. 

for W =0.03 

cal./cm? sec. 
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7 X108 sec. 
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Appendix I, Eqs. (6), (18).) 
Apn=Apnoe sin2rv(t—x/V.)+Apno. 
Then the rate of propagation of heat by this wave is 
Wp=eApnoeV,. (3) 


Curve I of Fig. 1 illustrates the propagation when 
damping is neglected. The form (3) is familiar in elec- 
trical solutions of the “‘telegrapher’s equation.” In the 
electrical problem the dissipated energy is small com- 
pared with the thermal capacity of the conductor and 
we can safely neglect it (see curve II of Fig. 1); if it 
produces any effects on the wave, they are at most 
second order effects due to thermo-e.m.f.’s. Here, 
however, the attenuation of Wp appearing in (3) cannot 
be neglected. The primary wave itself is already essen- 
tially heat energy and the dissipated energy is neither 
changed in nature nor reduced by the “mechanical 
equivalent” factor, so a gradient must be set up to 
carry it away. Therefore, a concentration gradient of 
the normal fluid carrying the heat current has to be 
superposed on the concentration wave. The required 
arrangement is shown in curve III of Fig. 1. Here the 
lower envelope of the wave has a gradient which is 
everywhere proportional to the loss of energy from the 
wave, namely, to Wpo(i—e-**) where W pp is the heat 
propagation at x=0. At great values of x the wave 
will have completely died out and the concentration 
gradient is such that it can carry the whole heat 
supplied to the system by a diffusion process in accord- 
ance with the equation: 


miagagiapcema: (4) 


The detailed proof of this is given in Appendix II. 

A source of plane second sound waves propagated 
into an infinite medium must build up a mean tem- 
perature gradient large enough to take care of the 
entire heat flow. The wave may be regarded as a modu- 
lation of the resulting heat transport. The latter may 
be expressed either as excess hedt content eAp, propa- 
gated with the velocity of propagation of the wave, or 
as total heat content ep, transported with the mean 
speed %, of the normal fluid down the temperature 
gradient. The two quantities are identical (see Appendix 
Il). 


However, if second sound is emitted from a finite 
(small) source into an infinite medium in a more-or-less 
parallel beam, the energy lost from the wave is dis- 
sipated more or less laterally, so that the liquid around 
the path of the beam is heated, avoiding the necessity of 
establishing a temperature gradient in the direction of 
propagation. In this situation we have to regard the 
propagation of heat as essentially that of excess heat 
content with speed V,,. It is in principle also possible to 
shoot second sound waves up a temperature gradient 
maintained against it. The thermal diffusion current is 
always down the effective temperature gradient, in 
whatever direction that may happen. to be; the second 
sound merely superposes concentration waves on the 
concentration gradient. In none of these situation is 
there any difficulty with the laws of thermodynamics 
because the second sound wave essentially does not 
cause waves of thermodynamic equilibrium tempera- 
ture. 

Using this picture we were able to derive the ap- 
proximate times of relaxation from the experimental 
evidence on second sound and thermal conductivities.*® 
Recently Pellam"™ published data on the direct measure- 
ments of the attenuation of second sound. If the picture 
developed here is correct. Pellam’s results should lead to 
the same values of the relaxation time as we derived 
from the heat conductivity measurements because the 
thermal diffusion current appears as the limiting case of 
completely damped second sound of zero frequency. 


COMPARISON WITH OBSERVATION 


The equation for high frequency second sound 
derived from the picture of the absence of internal 
equilibrium (see reference 13, Eqs. (C26) and (C27)), is 


On +U n/11= Vu? {1+1/2mivts3}-9V2U, — (5) 
where y is the frequency, 
1/t3=(1/r2) {3—2pn'Q/pnC—S(p—pn)/Vs?pn'}, (6) 


and 7; is the relaxation time for the momentum exchange 
between oppositely moving streams of normal and 
superfluid components, while 72 is the relaxation time 
for the readjustment of the population towards thermal 
equilibrium between the two components. From the 
data on the quantities appearing in Eq. (6) we find that 


T3= 472 , (7) 


to within about 5 percent at all temperatures of interest. 
It is, of course, not certain how 7:2 and 7; are related, 
but at least we can expect them to be the same order of 
magnitude and probably proportional to each other. 
The attenuation coefficient in cm is now 


= 1/ TV en (8) 
where 


1/7=3(1/412+1/71). (9) 


4 R. Pellam, Phys. Rev. 75, 1183 (1949); 74, 841 (1948). 
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Table I shows the results of using (8) to calculate + 
from Pellam’s data on the attenuation of second sound. 
The relation (8) is valid only if 2rv7r>1, and this must 
be confirmed. The values of 7 found are roughly between 
4-10~4 and 5-10~* sec. The frequency to be ascribed to 
Pellam’s pulses is not very certain, but a safe minimum 
is obtained by assuming the time-length of each pulse 
to be a half period for the fundamental frequency in a 
Fourier analysis of the pulse form. This time length was 
reported as about 100 microsec., so it may be assumed 
that v 210‘ sec.—!. With these figures we find 2xv7>10 
at least for all temperatures below 2.10°K where 
7t>10-*. The accuracy nearer the lambda point may be 
doubtful. 

Table I shows the times of relaxation derived for a 
heat current assumed to be W=0.03 cal./cm? sec. 
which seems to be a reasonable value for the energy 
density in Pellam’s waves. The values of 7 derived in 
this way from Pellam’s attenuation data are seen to be 
almost identical with the times calculated before from 
steady thermal currents. Unfortunately, there is no 
information available concerning the heat current 
density in Pellam’s second sound waves. It is not even 
known whether the same power input was used at all 
the different temperatures. From Table I of a previous 
paper!’ and the fact that 7 is inversely proportional to 
the square of the heat current we can calculate 7 for any 
stated heat current. An even better agreement could be 
obtained between the two sets of figures if it were 
assumed that the heat current was only 0.02 cal./cm? 
sec. at the two lower temperatures recorded. The fact 
that Pellam’s results for u show a relatively wide scatter 
might indicate that the power input was not quite 
constant even at a given temperature. f 


Note added in proof: Since communicating this paper 
we learned about several papers by V. P. Peshkov, 
Journal Experimental and Theoretical Physics, U.S.S.R. 
18, 857, 867, and 951 (1948) on second sound and its 
attenuation. In these papers the discrepancy between 
the infinite heat conductivity in second sound and the 
finite heat resistance in steady state heat flow experi- 
ments representing effectively second sound of zero 
frequency is pointed out. This is exactly the problem 
the solution for which we have proposed above and in 
references 8 and 13. Furthermore Peshkov succeeded 
in producing second sound without superimposed heat 
flow by means of the “filtration” method. His result 
that in this case the attenuation is considerably smaller 


L. Meyer and W. Band, Phys. Rev. 74, 394 (1948). 

_ } There is indirect evidence that u depended on the power input 
in the same way as the heat conductivity because Pellam reported 
that he could “over-drive” the second sound with resulting 
excitation of ordinary sound and undoubtedly greatly increased 
attenuation of the second sound. Experiments on the dependence 
of the attenuation on power input would be decisive for the 
poe theory, because according to this theory r depends on the 

eat current density, as shown by the fact that the heat current 
depends on the cube root of the temperature gradient (see refer- 
ences8and 15)... 
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than when producing second sound in the usual manner 
by periodic heating must be considered as a qualitative 
confirmation of the above ideas. 
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APPENDIX I 
Heat Transfer and Kinetic Energy in Second Sound 


At sufficiently high frequencies the wave equation for 
second sound is 


X,,/d0?+ 0X,/dt/T=V,"VV-Xn (I, 1) 
where 


Vi. =V2(14+1/2rwr) 


is the complex velocity, V, being the real velocity. The 
term in 1/7 is due to momentum dissipation and the 
complex factor due to equilibrium relaxation. X, is the 
vector of displacement of the normal fluid. Differentiate 
this equation with respect to time and we obtain the 
equation for the instantaneous velocity U, of the 
normal fluid: 


U,4+U,/r=V."VV- U,. (I, 2) 


Suppose the damping to be very small, then we can 
assume the normal fluid mass conserved: 


Apn/pn=—V-U,. (I, 3) 


There is a phase factor correction when damping is 
appreciable. Use (I, 3) in (I, 2) to derive the equation 
for Apn: 


A(#pn/d?)+A(dpn/dt)/7=V."V-V(Apn). (I, 4) 


Seeking a solution to (I, 2) which is consistent with 
(I, 3), we find to a first approximation 


U,.= Unce-#* sin2rv(t—x/V.)+ Uni (I, 5) 


and 


Apn=Apnoe~*” sin{ 2xv(t—x/V.)—¢e}+Apn (I, 6) 


where 


p=1/rV, (I, 7) 


Apno= U nopno/ Vs. (I, 8) 


The approximation is involved in small corrections on 
the V, factor in (I, 7) and (I, 8) and in the evaluation 
of the small phase factor ¢. Un; and Apn; are arbitrary 
constants which may, however, depend linearly on x 
and still satisfy the differential equations. 

The heat entering per cm? per sec. at the source is 
given as a function of the time by 


R= €pnU,, (I, 9) 


where ¢ is the energy needed to excite a gram of super- 
fluid arriving at the source into normal fluid leaving the 


and 
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source, U, is given by (I, 5) at x=0, and p, is the normal 
component density given by (I, 6) at «=0 and 


Pn=pnotApn (I, 10) 
pno being the initial value of pn. 

The energy « is also oscillating about a mean value ¢9, 
the amplitude of the oscillations being given by the 
ordered kinetic energy of the fluid components: 


e= ent Ae (I, 11) 
where 
Pnode= $(pnoU 2+ psoUs”) 
= $p(Pno/ ps0) U2. (I, 12) 


First consider a wave in which Uni=0, so that the 
velocity oscillates about a zero mean value 


U,=0. 


The mean rate of heat supply at the source is then 


(I, 13) 


R= ((€o+Ae) (pnotApn) U,)w= — -* pno(AeUn)wv 
+ (Ap,»U,)s plus smaller terms. (I, 14) 


The first two of these terms vanish identically and for 
the third, using (I, 5) and (I, 6) we find 


R= deApnoUno. (I, 15) 


Because of (I, 8) this can be written in either of the 


forms 
R = F€0pn0U no?/ V, 


or bes 
R=}(€0/pno)(Apno)*Vs. ; (I, 16) 


This is a second order of small quantities. This kind of 
wave receives heat from the source during one-half of 
the period and returns heat to the source during the 
other half. The net difference is enough to transmit the 
ordered kinetic energy of the wave (¢€ is of the same 
order of magnitude as V,”). Of course the result (I, 16) 
is not exact because of the approximations present in 
(I, 5) and (I, 6); if the calculation were carried out 
exactly the equality of (I, 16) with the kinetic energy 
transport would have been exact. These approximations 
are of no importance for the larger first order energy 
transport that will be discussed next. 

Calculations of the energy carried by second sound 
waves previously published,® have been confined to 
the above type of wave, in spite of the fact that actual 
second sound is produced by unilateral heat pulses. 

In practice the source of second sound never receives 
heat from the liquid during any phase of the wave. It 
only supplies heat and maintains, therefore, a flow of 
heat into the liquid and the appropriate solutions of 
(I, 5) are those for which Un, ‘the arbitrary constant, 
is not zero. When Un; is of the same order as Uno—or 
even equal to Uno, then the first term in the expression 
(I, 14) for the energy transport, becomes the dominant 
term and all the others are negligible, including the 
term responsible for the ordered kinetic energy. Thus 
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we have now 
(I, 17) 


To prevent R from ever being negative, as required by 
the experimental boundary conditions at the source, 
we have to take 


Uni= Uno (I, 18) 


so that, using (I, 18) and (I, 8) we can write (I, 17) 
in the alternative form 


R= eApnoVs. (I, 19) 


Comparison between (I, 19) and the second form of 
(I, 16) shows that this heat transmission is large com- 
pared with the ordered kinetic energy transmission in 
the ratio pno/Apno, and this, of course, may easily be 
as high as 100:1. 

The two alternative forms (I, 17) and (I, 19) illus- 
trate the fact that it is, formally at least, quite arbitrary 
whether we regard the heat transport as a convection 
of the total heat content €9pn0 with the mean drift speed 
Uno, or as a propagation of excess heat content eApno 
with the phase speed V,. 


R = €ppno Uni 








and Apn = Apno 




















APPENDIX II 


Numerical Population Adjustments Due 
to Relaxation 







If the liquid were merely not in equilibrium with its 
surroundings, but internally in thermal equilibrium, the 
variation of p, could be considered as equivalent to a 
variation of temperature: 


Apn=(dpn/dT)AT. 


Following Tisza, consider an adiabatic cylinder con- 
taining the liquid initially in equilibrium at tem- 
perature 7. Let there be a porous piston in the cylinder 
that can be caused to move, and let the material of the 
piston be a perfect insulator. If the pistion is caused to 
oscillate slowly back and forth so that the superfluid 
passes freely from one side to the other through the 
pores, the liquid adjusts itself continuously on each 
side of the piston and we must find a temperature 
oscillation set up due to the thermomechanical effect. 

Let the stroke of the piston be through a volume AV. 
The superfluid carries no heat—or rather we neglect 
it if it exists—and the energy balance on each side is 
very simple. A temperature difference AT develops and 
corresponding to this temperature difference there will 
be a pressure difference AP given by the fountain 
pressure relation 








(II, 1) 


















(II, 2) 





AP= pSAT. 


The conservation of energy in the volume V on one 
side of the piston where the total energy is, say Q, gives 


A(Q/V)=pCAaT (II, 3) 


where C is the specific heat. The amount of heat pro- 









NON-EQUILIBRIUM STATES IN HELIUM II 


duced by the mechanical work done by the piston is the 
only source of heat in the volume V, so that 


Q=—4APAV. (II, 4) 


This is of the second order of small quantities and may 
be neglected in comparison with the thermomechanical 
effect due to the flow of superfluid through the piston, 
represented by the other part of the variation in (II, 3). 
Thus (II, 3) gives 


AT=—(Q/pCV)(AV/V). 


As we are here considering slow oscillations the equi- 
librium variation of p, is given by (1): 


Acpn= (dpn/dT)AT= — (Q/pCV)(dpn/dT)(AV/V). 
(II, 6) 


(II, 5) 


We can write 
(Q/V)=ep, and pC=d(ep,)/dT (I, 7) 
so that (II, 6) becomes 
AcPn/pn= — { (€pn’)/(Epn)’} (AV/V) 


the primes indicating temperature derivatives. 

On the other hand, if we assume rapid oscillations so 
that there is no time for population adjustments on 
either side of the piston we use the mass continuity 
equation for each fluid component, and at once obtain 
Tisza’s equation 


| Apn/pn=—AV/V. 


Comparison of (II, 8) and (II, 9) is very simple. We 
have roughly p,« 7* and Q/V «T" experimentally, so 
that 


AcPn/pn= — (6/7)(AV/V)=0.85(Apn/pn). 
APPENDIX III 


(II, 8) 


(II, 9) 


(II, 10) 


Heat Transfer and Attenuation in Second Sound 


The only part of (I, 9) that finally contributes to the 
mean heat transfer is 


R= €00n0Un. 
Using (I, 5) and (I, 18) in this we find 
R,= €oPn0 Uno { 1-—e sin2rv(t— / V.) } 


(III, 1) 


(III, 2) 
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and neglecting ¢ in (I, 6) and using (I, 8) again we find 
R.= eApaV,. (IIT, 3) 


We must, therefore, regard the heat propagated as 
having the same attenuation as Ap,, and write for this 
rate of propagation the mean value of R, at distance x, 


namely “ 
R.=W,=eApme “Vs (IIT, 4) 


W, is the propagation, and the loss from W, with 
increasing x must be regarded as added to the diffusion 
current, so that at distance x the total diffusion current 
—considered also as traveling in the same direction as 


the wave—is 
Wa=eApnoV.(1—e-). (III, 5) 


This diffusion current demands the presence of a slope 
in the heat content Q or éopno. The figure in the text 
showed the curve of Q superposed on a sloping axis 
determined by the condition that the curve tangent 
to the minima in the wave shall everywhere have a 
slope proportional to the value of W, at the point. 

Consider an infinite slab lying between the planes 
x=0 and «= L, with a plane source at x=0 and receiver 
at x=L. Let the axis of the wave be represented by the 
straight line in the pn, x graph: 


Q=copnoteoApno{itu*(L—x)}, (III, 6) 


where u* is to be determined by the stated condition. 
The tangent to the minima of the wave eoAp, then has 
the equation 


Qmnin= €opno+ eoApno{1+yu*(L—x)—e-*} 
and this has the slope 
dQ min/dx= —peApno(u*/u—e*). (III, 8) 


Comparing this with (III, 5) we see at once that the 
required condition can be met only by writing u=y*. 
This yields the relation 


Wa=—(Vs/u)(dQmin/dx)= —1V2(dQmin/dx). (III, 9) 


This result is identical with the diffusion equation 
derived previously from the low frequency limit of the 
wave equation, namely, the diffusion equation: 


pn/ T= Ve?V- Vpn. (IIT, 10) 


The only difference is in the value of V,. 


(III, 7) 
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Excitation Functions for («, n), (a, 2n), and (a, 3n) Reactions on Indium* 


Grorces M. TEMMER** 
Department of Physics, University of California, Berkeley, California 


HEN In", whose isotopic abundance is 95.5 

percent, is bombarded with a-particles, the 
capture process followed by the emission of one, two, 
or three neutrons leads to antimony isotopes of mass 
numbers 118, 117, and 116, respectively. Activities in 
the first two mentioned Sb isotopes have been reported 
by Coleman and Pool,! who obtained them by an (a, 7) 
reaction on indium and deuteron bombardment of tin. 
Because of the ten stable tin isotopes, the isotopic ‘as- 
signment could only be made tentatively. 

The a-particles of the Berkeley 60-inch cyclotron 
(37 Mev) produce sufficient excitation in the compound 
nucleus to permit the evaporation of one, two, and three 
neutrons. Hence, activities in the (a, ), (a, 2m), and 
(a, 3m) products were found and identified chemically 
as antimony, and by Calutron analysis as being mass 
numbers 116, 117, and 118. The periods found for 


Sb” 
1298 


E, + 156 KEV 
K 








Sb!!8 and Sb!” (5.1 hours and 2.8 hours) agree with those 
reported by Coleman and Pool. Sb"* decays with a 
60-minute half-life. Reactions on In" were not de- 
tected because of its low abundance. 

These three periods are too close together to permit 
their satisfactory resolution from composite decay 
curves for the establishment of excitation curves. In 
order to separate the periods more effectively, use was 
made of a magnetic lens §-ray spectrometer of the 
Siegbahn type? constructed by Mr. R. W. Hayward. 
The momentum spectra of 8-rays emitted by indium 
foils activated by 36-Mev and 22-Mev a-particles were 
scanned in an effort to locate salient features of the 
radiations of the three Sb isotopes (Fig. 1). The peak 
in the solid curve decay with the 2.8-hour period be- 
longing to Sb!” and is produced by the conversion of a 
156-kev y-ray in the K-shell of Sn. The conversion peak 


ELECTRON SPECTRA OF ANTIMONY 116, 117, 118. 





MAGNET CURRENT IN AMPERES 


Fic. 1. 6-spectra of a-induced Sb activities. Abscissa is proportional to momentum, ordinate is in arbitrary units of activity. 
Solid curve is for 36-Mev alphas, dashed curve for 22-Mev alphas. 


* A preliminary report of the results in this paper was presented 
at the Berkeley meeting of the American Physical Society (Phys. 
Rev. 75, 1464 (1949)). 


** AEC Pre-Doctoral Fellow. 
1K. D. Coleman and M. L. Pool, Phys. Rev. 72, 1070 (1947). 
2 J. K. Siegbahn, Phil. Mag. 37, 162 (1946). 
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REACTIONS ON 





INDIUM 


EXCITATION FUNCTIONS FOR (%,N);(«,2n);(¢,3n) REACTIONS ON INDIUM 





a ae ee 
10 5 tA {e 20 


| 
25 


ENERGY IN MEV 


Fic. 2. Excitation curves for a-particle reactions on indium. The cross sections in arbitrary units (also arbitrary in relation to each 
other) are plotted against the a-particle energy in Mev. Circles indicate In™5(a, m)Sb"$, triangles indicate In™5(a, 2m)Sb"’, squares 
indicate the Coulomb barrier heights for ro=1.5 and ro= 1.3(R=1roA!X 10-" cm), and curves A and B are the corresponding theoretical 


capture cross sections. 


of Hp=1800 in the dashed curve corresponds to a 260- 
kev y-ray decaying with the half-life of Sb"*. Sb!* was 
identified with the positron continuum with an upper 
energy limit of about 1.45 Mev. By means of an elec- 
tron-positron discriminator (helical baffle), it was found 
that no continuous @--spectrum is present, as is to be 
expected for neutron-deficient isotopes. Hence, the two 
other isotopes (Sb!!* and Sb"”) must decay primarily by 
K-capture. 

To obtain the excitation functions, the stacked-foil 
technique was used, bombarding foils of indium evapo- 
rated to a thickness of about 5 mg/cm? upon quarter-mil 
foil. This was necessitated by the low melting point of 
metallic indium (155°C). In this way, steps of about 
1 Mev in a-particle energy were obtained. Ten foils 
at a time were mounted in the spectrometer with a 
special wheel assembly permitting any one of the foils 
to be rotated internally to the source position, while 
at the same time shielding all others behind a Pb 
baffle. This device proved to be essential for the per- 
formance of the experiment because of the short 
periods involved. 

A magnetic field in the spectrometer corresponding to 
1-Mev electrons was selected to follow the positron 
activity. The procedure used to obtain the excitation 
curves was to set the field on the conversion peaks (or 
point of the continuum) and then to sweep through the 


ten foils, thus getting counting rates proportional to the 
cross sections at the various foil energies. The usual 
procedure would have been to follow the decay of these 
points in time and to extrapolate back to time zero. 
This, however, would have entailed greater uncertain- 
ties due to lack of reproducibility of current settings, 
and was unnecessary because of the almost pure decay 
of the points selected on the spectrum. In this manner 
the curves shown in Fig. 2 were obtained. They were 
compounded from several overlapping bombardments, 
as well as from data from the same run taken at various 
times, and normalized. The alpha-particle energy was 
obtained from semi-empirical range-energy curves for 
a-particles in aluminum and silver which is close 
enough to indium for the purpose (Z=47 vs. Z=49). 
The vertical scales of the three excitation curves bear 
no relation to each other since decay schemes and con- 
version coefficients are not known. 

The energy values are uncertain because of the 
inherent spread of about 1 Mev of the uncollimated 
cyclotron beam (uncollimated because of need for high 
intensity). An additional uncertainty is introduced by 
non-uniformity of the foils and straggling, estimated 
at 0.5 Mev. 

The errors along the ordinate are mostly due to slight 
variations in magnet current from the peak positions, 
as well as variations in geometry for the various foils 
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at the source, accounting for about 5 percent, plus 
counting statistics, usually below 5 percent. The over- 
all error is thus about 10 percent, which is borne out 
by the spread of the experimental points from various 
runs. 

Results of a possible (a, p) reaction could not be ob- 
served since the product tin isotope is stable. At any 
rate, for an atomic number Z= 50 and near the thresh- 
old it is reasonable to expect that the contribution of 
protons will be quite small compared to that of neutrons 
because of the Coulomb barrier penetration factor. The 
rising portion of the (a, #) cross section should thus be 
mainly governed by the behavior of the capture cross 
section for the bombarding a-particles, which in turn is, 
mainly determined by the penetration factor as long as 
the excitation of the compound nucleus lies above about 
10 Mev and the levels overlap. The curves labeled A 
and B are theoretical values of the capture cross section 
as calculated by Weisskopf.* A nuclear radius 


R=rA*X10-" cm 
$V. F. Weisskopf, MDDC 1175, p. 105 (Los Alamos Notes). 


GEORGES M. TEMMER. 


was used, with r>=1.5 leading to Coulomb barrier A at 
16 Mev and curve A, while r>=1.3 leads to barrier B 
at 18.5 Mev and curve B (Fig. 2). While one cannot 
select one or the other of these curves on the basis of 
this experiment, their general behavior is in general 
agreement with theory over the portion of the (a, m) 
curve up to the point of inflection at about 16 Mev 
where the competition of the (a, 2m) process sets in. 
Because of the unknown ratio of these two processes, 
it is not possible to add the two contributions consti- 
tuting the modes of decay of the compound nucleus. 
The (a, 2m) mode is brought down in turn by the (a, 3m) 
process, beginning at about 26 Mev and still rising at 
the highest energy investigated. 

The author wishes to express his appreciation to 
Professor E. Segré for suggesting the problem, to 
Professor A. C. Helmholz for many valuable sugges- 
tions, and to Mr. R. W. Hayward for the use of the 
spectrometer. Thanks are also due the 60-inch cyclotron 
crew and Dr. W. L. Whitson and associates for the 


mass-spectrography. 
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Anomalous Magnetic Moments of Nucleons 


S. D. DRELL 
Physics Department, University of Illinois, Urbana, Illinois 
May 31, 1949 


N this note we report an extension of previous work! to the 
calculation of the anomalous magnetic moments of nucleons. 
The interaction between quantized Dirac nucleon fields, quantized 
scalar and pseudoscalar meson fields, and an applied magnetic 
field is investigated by third-order perturbation theory in a 
manner similar to that recorded in reference 1. With the same 
notation, we have for the term in the Hamiltonian density which 
describes the first-order interaction of the meson-nucleon fields 
with an applied vector potential, A, 


°C =ieA- (py *grady —ygrady*) — eVp*a-AWVp. 


The meson-nucleon coupling terms appear in Eqs. (6) and (7) 

of reference 1 for a scalar meson field. The 6-matrix there is re- 

placed by i867; for a pseudoscalar field with pseudoscalar coupling. 
We summarize our results as follows: 


pp— 1=(g*/4ar) (40) ur; un = (92/40) (40r) (— rtm) 5 
(charged meson theory) 


up—1= (g"/4er) (dar) (2urt+ mar) 5 uv = (g’2/4x) (1/4) (— wrt ar) 5 
(symmetric meson theory) 
up— 1=(g’’?/4ar) (4x) u11; uw =0; neutral meson theory) 
where 
a cos a/2 
(4—a*)s 
acosa/ ] 
(4—a*)4 
represents that part of the moment contributed by a virtual inter- 
mediate meson cloud of positive electric charge, and 
a cosa/ 7] 
(4—a?*)4 


= [@-o- (1—3a?+<a*) In1/a—(5—5a?+<a*) 


+[1-a- —a?*) Ini/a—(3—a?) 


wu= [1-0-4 (2a?—a*) In1/a—(2—4a*+ a4) 


a cos“ a/2 
+ [140 Ini/a— 2-0 ee? 


is the contribution of the virtual intermediate charged nucleon 
states. The plus sign is for scalar mesons, the minus sign for 
pseudoscalar ones, and a is the ratio of meson mass to nucleon 
mass. 

With proper adjustments in notation these results agree with 
those obtained by different means by Luttinger,? Slotnick? and 
Case for pseudoscalar theories, and by Case for a scalar meson 
field. Numerical results appear below for mesons of mass 300 m.. 


Pseudoscalar 


un = —.13(g?/4r) 
pup— 1=+.054(g?/42) 


uv = —.26(g't/4n) 
up—1=+.034(g’2/47r). 


Scalar 


un = +.49(g2/42r) 
up— 1= —.30(g?/4rr) 


Charged meson 
theory 


Symmetric meson uy = +.98(g’2/42r) 
theory up— 1=—.42(g’*/4r) 
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Moments obtained from the scalar calculation are of wrong sign 
and too small in magnitude! for g?/4r=0.30 and g’?/4r=0.30. 
The pseudoscalar theory yields moments of appropriate sign. If 
one chooses g*/4r~36, on the basis of questionable nuclear force 
arguments, ® the anomalies are of proper magnitude for the protons, 
but too large in the neutron case because of exaggerated contri- 
butions from the charged intermediate nucleon states. Investiga- 
tion of fourth-order interactions between nucleons which are im- 
portant in the pseudoscalar theory has led Bethe® to suggest 
g*/4x~4; This has the effect that magnetic moment anomalies 
resulting from a pseudoscalar theory are also too small. It would 
appear to be necessary to investigate higher order effects in order 
to ascertain if contributions from a fifth-order calculation are large 
compared with these third-order results, as are the fourth-order 
effects in Bethe’s calculation, relative to the second-order ones. 
As recently discussed by French and Weisskopf’ in the analogous 
calculations for electrons and a quantum field, one encounters a 
set of terms which may be written as c[@-A ],y. In our calculations 
contributions to ¢ come from interactions of A with both charged 
mesons and nucleons. By a careful integration of the individually 


' diverging terms which contribute to it, we have also found that 


this term vanishes, as it must for covariance. 

Of the four possible charge and mass renormalizations for 
protons and neutrons, only the proton mass renormalization must 
be taken into account in the calculation of the moments. Schemes 
according to which a proton pair is created, and then the same 
pair annihilated, contribute nil. They are analogous to the vacuum 
polarization terms of quantum electrodynamics. The proton mass 
renormalization is handled similarly to Feynman’s® treatment for 
the quantum field. Neutron mass renormalization is a higher order 
effect since a neutron core has no direct interaction with electro- 
magnetic fields. 

Details of this calculation are to be found in the University of 
Illinois Ph.D. thesis of S. D. Drell, 1949. 

We wish to thank Professor S. M. Dancoff for his continued 
guidance and interest. 

1S. M. Dancoff and S. D. Drell, Phys. Rev. 76, 205 (1949). 

2J. M. Luttinger (Helv. Phys. Acta 21, 483 (1948)) has performed a 
second-order perturbation calculation, treating — and mesons in a 
uniform magnetic field as his zero order stationary sta 

3M. Slotnick, Phys. Rev. 75, 1295 (1949); Slotnick a Heitler, Phys. 
Rev. ys ; a (1949) has calculated the spin-orbit. coupling in an electro- 
state M. Case (Phys. Rev. 74, 1884 (1948); 76, 1 (1949)) has performed 


this calculation in the framework of the Schwinger-Tomonaga-Dyson 
formalism. 

5 F, Villars, Helv. Phys. Acta 20, 476 (1947). 

6H. A. Bethe, Phys. Rev. 76, 191 (1949). 

7J. B. French and V. F. Weisskopf, Phys. Rev. 75, 1240 (1949). 

8R. P. Feynman, Phys. Rev. 74, 1430 (1948). 





Temperature Equilibrium in a Stationary 
Gravitational Field 


H. A. BucHDAHL 
Physics Department, University of Tasmania, Hobart, Tasmania 
June 13, 1949 


T has been shown by Tolman and Ehrenfest! that the distribu- 
tion of proper temperature T» of matter in thermodynamic 
equilibrium situated in a static gravitational field whose metric is 


ds*= gidxidx*+ gus(dx*)?, (1, R=1, 2, 3), (1) 
is described by the relation 
T o(gas)?= const. (2) 


In (1) x‘ is the ‘time,’ and 0g;,/0x*= 0g4,/0x*=0. By the method of 
TE it is very easily shown that (2) continues to hold in a stationary 
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gravitational field, that is, a field whose metric is of the form 
ds*= g,,dx"dx’, (u, aud i, par 4), (3) 


with Ogy,/dx*=0. 
The energy momentum tensor is, as before, given by 


TH = (TH 4 wy, 


(Tn = 8” bo, 
where (4) 
sp (p00+ po) (dx*/ds)*= (po0t po)/gu, (u=v= =4) 
0 (all other components), 


since dx*/ds=0; note that now g“1/g44. The equation expressing 
the vanishing of the covariant derivative of T,” may be written 


v WTV 9po 
Tiv='/T’iwt Tis xt 


(5) 





” O8uy 1 o[(—g”"T,”)*] 
prom... a 
+P ax* (—g)! Ox” . 
It follows immediately from (4) that the last term of (5) vanishes, 
while the second term gives [(p00+ fo) /2g4s |LOgas/0x* ], so that (5) 


reduces to 

‘ 0 lo 
<P +4 (but ba) coe ee (6) 
But (6) is identical with Eq. (26) in TE; so that the relation (2) 
follows as before. 


1R. C. Tolman and P. Ehrenfest. Phys. Rev. 36, 1791 saieaall This will 
be referred to as ‘TE’. 





Apparent Straggling of :,S** Beta-Particles in Glass* 


Mary JANE A. LINKER 


North Carolina State College of Engineering, Raleigh, 
North Carolina 


AND 
F. T. RoGeErs, Jr., 
U.S. Naval Ordnance Test Station, Inyokern, California 
May 26, 1949 


HEN a beam of particles having kinetic energies in unit 

range of £, enters a solid normally to its surface, the par- 

ticles suffer scattering and collisional losses of energy at fluctuat- 

ing rates while traversing the solid; consequently the projected 

(on the normal direction) ranges of the particles, r, are more or 

less dispersed about some mean value R in accord with a suitable 

statistical frequency distribution. For alpha-particles in air, for 

example, scattering does not appreciably affect the distribution 
function and it has the Gaussian form! 


W=ew-[r-R/o¥/fe-Le-R/oB 


where p is the coefficient of straggling. The object of the present 
investigation is to find out whether Eq. (1) can apply to the pas- 
sage of beta-particles through a thin slab of glass; in this case 
scattering is large, so that p might be expected to be far greater 
than for alpha-particles. Equation (1) leads to a coefficient of 
transmission given by 


x aa uae 
1B)= fr»), 6 te / Loop! dx, (2) 


for a slab of thickness ¢; and for p comparable to or greater than R, 
p& (t—kE*) /erfi(1—2r). (3) 


In getting Eq. (3), R was replaced by kE* according to the energy- 
range relation; & is a constant. 

To obtain data for use in Eq. (3), the beta-particle spectrum 
from the decay of isS** was measured, using a glass Geiger-Miiller 
counter with a nominal window thickness of 0.001 cm and super- 
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TABLE I. Data on straggling of beta-particles. 











E (kev) O(E) I(E) 7(E) p,(cm) 
(arbitrary units) 
35 12 132 0.09 5.1 X1074 
25 133 0.19 aa 
42.5 31 133 0.24 4.6 
45 43 132 0.33 4.5 
47.5 66 132 0.50 — 
50 75 130 0.57 4.8 
52.5 93 128 0.73 4.0 
55 114 126 0.91 3.1 
57.5 123 123 1.00 4.1 
120 121 0.99 3.2 
62.5 113 118 0.97 5.0 X1074 








ficial mass of 2.5 mg/cm*. This radioactive material was the 
separated, reactor-made isotope, and was obtained from the 
Isotope Division of the AEC’s Oak Ridge Operations, at Oak 
Ridge, Tennessee. Spectra from several active sources, prepared? 
under the guidance of Dr. Arthur Roe, were measured with an 
electrostatic analyzer designed (after Backus)’ by Mr. S. J. Bame. 
Column 2 of Table I shows the energy distribution in this spec- 
trum as observed through the 0.001 cm of glass; because of the 
weakness of sources used, these entries may be uncertain by 
several percent. Column 3 presents the true spectrum as computed 
from the theory of Fermi‘ according to the experimental studies 
of Cook, Langer, and Price,5 and of Albert and Wu.® Column 4 
lists the effective transmission at the respective energies. 

From a curve of 7 vs. E, E was found to be 48.5 kev for r=50 
percent; hence from the energy-range relation, 0.001 cm= (48.5 
kev),? & was found to be 4.255X 10-7 cm/kev.? This enabled the 
computation of p from the data, by Eq. (3); the results are shown 
in column 5 of Table I. The test of the applicability of Eq. (1) 
in this case, is in the values of p. Although there is evidence of a 
trend in the p-values, it does not seem significant in view of the 
appreciable uncertainties in O(Z); therefore this study indicates 
that p=4.4X 10 cm, with an A.D. of 0.6 10~ cm. The sensible 
constancy of p-values as here obtained, is rather surprising when 
the complexity of the process of apparent straggling is considered; 
but it does indicate that the simple Eq. (1) can describe the phe- 
nomenon, at least for energies barely appropriate to penetration. 

* The experimental work here reported was carried out in the research 
laboratories of The University of North Carolina in Chapel Hill, North 
Carolina, during the academic years 1947-1948 and 1948-1949. The authors 
are particularly indebted to Messrs. N. Di Costanzo and R. Morris for their 
excellent shop-work in construction of the electrostatic analyzer. 

1 E. Rutherford, J. Chadwick, and C. D. Ellis, Radéations from Radioactive 
Substances (Cambridge University Press, London, 1930), pp. 112 et seg. 

2 The preparation of active sources was carried out in the new laboratory 
for radio-biological research at The University of North Carolina. The 
Division of Biology and Medicine of the AEC provided, through the ONR, 
a portion of the funds for this laboratory. 

3 J. Backus, Phys. Rev. 68, 59 (1945). 

4E. J. Konopinski, Rev. Mod. Phys. = 209 (1943). 


. 5 Cook, Langer, and Price, Jr., Phys. Rev. 73, 1395 (1948). 
6R. D. Albert and C. S. Wu, Phys. Rev. 74, 847 (1948). 





Energy Release in Beryllium and Lithium 
Reactions with Protons 


A. V. ToLLestrup, W. A. FowLEeR, AND C. C. LAURITSEN 


Kellogg Radiation Laboratory, California Institute of Technology, 
Pasadena, California 


June 9, 1949 


EASUREMENTS have been made on the energy released 
in the reactions: 


Be®+H'—Li*+ He‘+Qi, (1) 
Be*+H'~Be®+ D?+(Q,, (2) 

Be*>2He'+(’, : (2’) 
Lit+H>He?+ He+(Q3. (3) 





a a ae a 


arf fF 06 OS Fe se | hl ef 





LETTERS TO THE EDITOR 


ENERGY « § Kev 


$00 530 600 
T 


800 900 1000 1200 
T T 





a a eee T T 
Be FOIL TARGET @280° 


‘alias: 





PROTON ENERGY 603 KEV 


An 








Elastic Protons 
From 6e* 





U* (pa) He? 
PROTON ENERGY 742 KEV 
Ms -1378° 
Het* a hd 


z 
2 





COUNTS /y-COULOMB 











COUNTS /p-COULONB 


+ with Foil in front of Counter 
* Without Foil 











4 
FLUXMETER READING 


alt 





4 
ue 


— 


ce 


\ 

















\. 


\ 


110 


aT \, 


He** trom Be" 














[ene 7) 





4s 40 35 


FLUXMETER READING 


Fic. 1. Momentum analysis of the ions produced in the bombardment of Be® by protons. Inset: momentum 
analysis of the products of the reaction Li®(pa)He?. 


Protons monoenergetic to better than 0.03 percent were ob- 
tained from an electrostatic accelerator and analyzer previously 
described.! The analyzer was calibrated by measurements on the 
strong gamma-ray resonance in F!*(pa’, ~)O* which has been 
carefully standardized at 873.5 kev.? The targets used in studying 
reactions (1) and (2) were beryllium foils which were 10-20 kev 
thick for fast protons. The target for reaction (3) was produced by 
evaporating a thin lithium layer-on copper in vacuum. 

The energy of the ions produced in the reactions was accurately 
determined by a double-focusing magnetic spectrograph.’ Reac- 
tions (1) and (2) were studied at two angles of observation in 
laboratory coordinates, 80.0° and 137.8°, while reaction (3) was 
studied only at 137.8°. The angles were measured directly and the 
angular aperture in each case was 6.6° in the plane in which 
the particles were deflected. The spectrograph field was determined 
by a null reading fluxmeter‘ and could be held constant to 0.05 
percent and reproduced to +0.15 percent. The fluxmeter was 
calibrated by observing protons of known energy scattered elasti- 
cally from copper, beryllium, carbon, and oxygen. The energy of 
the scattered particles varies with angle for the light elements, and 
thus the consistency of the measurements was a verification of the 
direct measurement of the angle. 

The scintillation counter used to detect the particles was ar- 
ranged so that thin aluminum foils of known stopping power 
could be introduced directly in front of the ZnS screen. This made 
it possible to separate ions of different charge and energy that 
appeared at the same value of the magnetic field. For particles of 
energy greater than 100 kev, a plateau is exhibited in the integral 
spectrum of pulses from the scintillation counter. It was possible 
to set the discriminator bias high enough to eliminate all the dark 
current pulses, and still be operating on the plateau. It was veri- 
fied with an ionization chamber that the plateau represented a 
counting efficiency of close to 100 percent. 

Figure 1 shows data obtained by bombarding a 15-kev thick 
beryllium foil with 603-kev protons. The angle of observation was 
80.0°. The peak at a fluxmeter reading of 60 mv* is elastically 
scattered protons from the beryllium. At readings of 57 mv and 
58 mv the peaks due to elastically scattered protons from O' and 
C2, respectively, appear. Very thin carbon and oxygen layers were 
found on both the beryllium and lithium targets. Using the heights 
of the peaks it is possible to estimate the thickness of the layers 
from the cross sections for Rutherford scattering. The energies 
of all particles involved in any reaction were corrected for energy 
loss in these layers. The total carbon and oxygen layer in the 


curve shown is 0.44 kev thick normal to the target for 603-kve 
protons. 

The alpha-particles from reaction (1) appear at 33 mv. They are 
superimposed on the doubly ionized Li® ions from the same re- 
action.** These two groups were separated by means of foils 
inserted in front of the ZnS screen. The triply ionized Li® ions from 
this reaction are observed at about 50 mv. The singly ionized 
He‘ and Li‘ ions could not be observed in the spectrograph with 
the maximum available field. The three groups of ions that were 
measured give three independent determinations of Q,. 

The deuterons from reaction (2) appear at 32 mv and Q: is 
calculated, using the energy of these particles. The Be® residual 
nucleus formed in reaction (2) recoils with a momentum equal and 
opposite to that of the deuteron in the center-of-mass system. 
Because of its short half-life, it disintegrates before it can travel 
far enough. to make collisions and hence slow down. Since it 
disintegrates while in motion, the resultant two alpha-particles 
generate a continuous energy distribution. This is shown extend- 
ing from 37 mv to 48 mv. The doubly ionized Li® peak gave some 
interference and foils were again used to separate the particles. 
The spectrum N(E,) plotted against EZ, is shown in Fig. 2. The 
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Fic. 2. Distribution in energy of the _alpha-particles resulting from the 
disintegration of Be® produced in the reaction Be*(pd)Be'. 
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linearity of the curve within 150 kev of the end point is in accord- 
ance with theoretical expectations. The “fillet” near the end point 
can be accounted for by the angular window of the spectrograph. 
The extrapolated end point of this spectrum was used along with 
Qz to calculate Q,’. 

The curves obtained from reaction (3) are shown in the insert 
in Fig. 1. Both the doubly ionized He‘ and He ions were detected 
and both groups were used in the energy determination. The 
reaction was studied at 742- and 1237-kev bombarding energy. 

In the calculations, the midpoint of the front edge of the peaks 
was taken as corresponding to particles leaving the front surfaces 
of the target at the mean entrance angle of the spectrograph. 
Small corrections for relativity and surface layers have been made 
in each case. The errors were calculated by compounding the 
estimated systematic errors with the observed statistical errors 
which were very small. The probable systematic errors assumed 
were 0.3° in the angle of observation, 0.3 percent in observed 
energy, and 0.2 percent in the bombarding energy. 

Q: is found to be 2.121-0.012 Mev, Qe is 0.558+-0.003 Mev, 
while Q; is 4.017+0.022. These are both somewhat higher than 
the measurements of Rosario,’ and Perlow.® Q’2 is 89+5 kev, 
which is to be compared with Hemmendinger’s value of 102+10 
after his value is corrected for the gamma-ray recoil.” A combina- 
tion of the above Q values with those of D(dp)H? and D(dn)He?, 
which have Q-values of 4.036+-0.022 Mev and 3.265+-0.018 Mev, 
respectively,® and the binding energy of the deuteron, 2.237+0.007 
Mev® makes it possible to calculate the energy release in the 
reactions Li®(mH*)He* and Be(yn)Be®. We find for the first 
reaction Q=4.788+0.023 Mev and for the second, Q=—1.679 
+0.008 Mev. The ratio of the Q-value of H?(yn)H! to that of 
Be%(yn)Be® is 1.332+0.010, which is in agreement with the 
measurement of Waldman and Miller'® who find 1.338+0.004. 
The recently determined ranges of the particles in the Li® reac- 
tion" give the following two points on the range energy relations: 
0.912-Mev protons have a range of 2.00-+0.02 cm and 2.058-Mev 
alpha-particles have a range 1.04+0.02 cm in air at N.T.P. 

We should like to thank Mr. Robert G. Thomas for his help in 
obtaining the data on beryllium. This work was assisted by the 
joint program of the ONR and the AEC. 


* Fluxmeter ag are proportional to the (charge)/(momentum) of 
the observed particles. 

** The particles and residual nuclei produced in a reaction at a given 
angle have approximately the same momentum. Hence, the ions of the two 
products with the same charge overlap in a momentum analysis made by a 
magnetic field. This is quite different than in an analysis by range measure- 
ments. 

1 Fowler, Lauritsen, and Lauritsen, Rev. Sci. Inst. _ 818 (1947). 

2 Herb, Snowdon, and Sala, Phys. Rev. 75, 246 (19: 

3 Snyder, Lauritsen, F owler, and Rubin, Phys. — Ms. 1564(A) (1948). 

4C. C. Lauritsen and T. Lauritsen, Rev. Sci. Inst. 19, 916 (1948). 

5 Leticia del Rosario, Phys. Rev. 74, 304 (1948). 

6G. J. Perlow, Phys. Rev. 58, 218 (1940). 
ppd oo. Hemmendinger, Phys. Rev. 73, 806 (1948); Phys. Rev. 74, 1267 

8 Tollestrup, Jenkins, Fowler, and Lauritsen, Phys. pone 75, 1947 (1949). 

*R. E. Bell and L. G. Elliott, Phys. Rev. 74, 1552 (1948). 

10 B, Rg cme and W. C. Miller, Phys. Rev. 74, 1225(A) (1948). 
uJ, K. Béggild and L. Minnhagen, Phys. Rev. 75, 782 (1949). 





A Revaluation of the Gamma-Radiations from 
Co and Zn® 


ERLING N. JENSEN, L. JACKSON LASLETT, AND WILLIAM W. PRATT 


Institute for Atomic Research and Department of Physics, 
Iowa State College, Ames, Iowa* 


June 22, 1949 


N a recent paper! we described briefly the construction of an 
iron-free magnetic lens spectrometer and discussed the char- 
acter of the corrections to be applied to gamma-ray measurements 
made with an instrument of that type. Energy values for the 
gamma-radiations from Co and Zn*, obtained by measurement 
of photoelectric conversion lines, were reported. Calibration of the 
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spectrometer was effected through the use of photoelectrons 
produced by annihilation radiation and of conversion electrons 
from ThB (F-line). 

It has since become possible for us to obtain sources which 
would permit comparative measurements of the internal con- 
version line corresponding to the 2.62 Mev gamma-ray of ThC” 
and the F-line from ThB. Such a comparison was considered de- 
sirable, since it would afford a definitive check of the presumed 
proportionality between the focused momenta and the currents 
in the spectrometer. Upon learning from Dr. T. Lauritsen that 
spectrometer work? at the California Institute of Technology 


. indicated energies for the Co®® gamma-radiations approximately 


15 kev higher than those cited by us,’ we undertook to perform this 
check of our instrument in conjunction with a remeasurement of the 
photoelectric conversion lines from Co. This work has confirmed 
the linearity of the instrument but has led to a revised value of the 
spectrometer constant which is almost one percent greater than 
that found in our earlier work. 

Based on momentum values of 1385 and 10,000 gauss-cm for 
the internal conversion electrons from ThB and ThC”, respec- 
tively,3 and with the corrections for the photoelectric radiator 
made in the manner previously described, our recent measure- 
ments lead to energies of 1.16) and 1.33; Mev for the gamma- 
radiations from Co®. It is believed that these new values are more 
reliable than those given by us previously, as the stability of the 
spectrometer has been improved since the earlier data were ob- 
tained. These revised values are consistent with those determined 
by Hornyak e¢ al.,2 and with the precision wave-length measure- 
ments which have now been reported by Lind, Brown, and 
DuMond.‘ The values we have now obtained, when used in con- 
junction with previously reported® data obtained from a composite 
source in which both Co® and Zn® activities were present, leads to 
a revised value of 1.113 Mev for the Zn® gamma-ray. 

It should be mentioned that-our corrections for the energy loss 
experienced by the electrons in the photoelectric converter are 
based! on the average energy loss by collision and, in the energy 
range with which we are concerned here, disregard complicating 
scattering effects. It is understood that the results of a more elab- 
orate analysis have been used in the work of Hornyak e¢ al.,? and 
lead to corrections appreciably smaller than those which we have 


been led to apply. 


* Paper No. 72 from the Institute ay Atomic Research. Work was per- 
formed at the Ames Laboratory of the AEC. 

1 Jensen, Laslett, and Pratt, Phys. Rev. 75, 458 (1949). 

2 Hornyak, Lauritsen, and Rasmussen, Gamma- Ray Measurements with a 
Magnetic Lens Spectrometer, Phys. Rev. (to be published). We are indebted 
to Dr. Lauritsen for his courtesy in sending us a copy of the manuscript for 
this paper in advance of its publication and for discussing with us some 
aspects of the work. 

3 In computing the calibration constant of the spectrometer, the results 
of the ThB measurements were assigned twice the weight given to the data 
for a naar by conversion line. 

4 Lind, J. R. Brown, and J. W. M. DuMond, Bull. Am. Phys. Soc. 
24, No 6 paper F4 (1949). 

5 Jensen, Laslett, and Pratt, Phys. Rev. 73, 529 (1948). 





Ferro-electric Properties of WO; 
B. T. MATTHIAS 


Bell Telephone Laboratories, Murray Hill, New Jersey 
June 23, 1949 


E have recently grown single crystals of WO; and have 

found that these crystals appear to show ferro-electric 
behavior. The crystal structure of WO; may be looked at as being 
similar to a perovskite structure with the omission of the cations 
at the cube corners of the unit cell. That is, we may view WO; as 
derived from BaTiO; by the complete omission of the Ba-ions and 
the substitution of W for Ti. The ionic radius! of W** is 0.62 A and 
we therefore see that the WO, octahedra obey the empirical rule 
for the occurrence of ferro-electricity in perovskite-type structures 
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which we reported in an earlier communication in connection with 
the discovery of several ferro-electric columbates and tantalates.? 

The crystals as grown from very pure tungstic acid vary in 
color from dark yellow to green. They are triclinic and show a 
marked domain structure very similar to that of ferro-electrics in 
the perovskite crystal system. 

In the case of WO;, however, the differences of lattice constants 
in different directions amount to about 5 percent whereas in the 
perovskite system they are near 1 percent. With a small external 
pressure the entire domain pattern in WO; can be shifted or 
changed, without damage to the crystal. Consequently the crystals 
appear to be very soft, nearly plastic. 

The electric conductivity of the single crystals at room tem- 
perature is extremely high, which may have some connection 
with the occurrence of coloration in the crystals. It is not clear 
whether the color is due to slight chemical reduction or Na im- 
purities. Pressed samples fired at much lower temperatures re- 
tained their light color and gave comparatively small losses and 
dielectric constants of the order of 10°. 

Dielectric measurements on the single crystals can be easily 
made, however, at liquid air temperature. There the losses are 
small and no longer interfere with the dielectric measurements. 
Preliminary results indicate a hysteresis loop and a dielectric con- 
stant between 100 and 300. This value is high compared to other 
ferro-electrics at the same temperature. 


1 Pauling and Goldschmidt. 
2 B. T. Matthias, Phys. Rev. 75, 1771 (1949). 





y-Angular Correlation in Pd! 


DANIEL S. LING, JR. 
University of Kansas, Lawrence Kansas 
AND 
Davip L. FALKOFF 
University of Notre Dame,* Notre Dame, Indiana 
June 20, 1949 


EASUREMENTS of y—7-correlations in excited states of 

Ni®, Ti*, Mg”, Ba, Sr88, and Pd! have been reported 

by Deutsch and co-workers. Of these, all but Sr®* and Pd! can be 

satisfactorily fitted with theory? by assuming that the +-rays are 

either pure dipole or quadrupole radiation and by assigning to the 

nuclear states involved spins consistent with such other informa- 

tion as is available from measurements on internal conversion or 

8-decay. In general, the angular correlation theory by itself is not 

sufficient to make any unique assignment of multipole orders or of 
nuclear quantum numbers. 

We have developed® the extension of the theory of y—-y-angular 
correlations for the case in which one of the transitions is a mix- 
ture of magnetic dipole and electric quadrupole radiation and the 
other either pure dipole or quadrupole radiation. With it one can 
explain the observed correlation in Sr®* which could not be ex- 
plained by assuming pure multipole transitions. The discussion of 
this and the interference effects accompanying such mixtures will 
be given elsewhere.* We discuss here some consequences of the 
application of this theory to the experimental data on the y—7- 
angular correlation in Pd'!®, These data seem quite reliable having 
been independently reproduced by Deutsch and Wiedenbeck® with 
and without a strong applied magnetic field. 

Pd! being an even-even nucleus, its ground state may be taken 
as having zero spin. Because of the cos‘#-term in the measured 
correlation function, neither transition can be pure dipole. A 
mixture of dipole and quadrupole radiation in one or both transi- 
tions would still be consistent with this cos‘#-dependence. How- 
ever, such mixtures are allowed only when AJ =0, +1. Since quad- 
rupole radiation is forbidden for 0—>0 or 0—>1 transitions and we 
have already ruled out pure dipole transitions, the Ieast possible 


On the y— 
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spin for the intermediate state must be J=2, and this choice 
would force pure quadrupole radiation for the lower transition. 
Similarly, for the upper (initial to intermediate state) y-transition, 
the lowest multipoles possible are either pure quadrupole or a 
mixture of electric quadrupole and magnetic dipole. Deutsch’ has 
already pointed out that the data cannot be fitted when both 
transitions are pure quadrupole. Since the assumption of a mixed 
transition made possible good agreement with experiment in the 
case of Sr°8, we attempted to interpret the data for Pd'!® with a 
dipole-quadrupole mixture for the upper transition, the lower 
transition being taken as pure quadrupole. We find that agree- 
ment with experiment cannot be obtained. It follows, therefore, 
subject only to the reasonable assumption that the ground state 
has spin zero, that at least one of the successive rays must be of 
octupole or higher order. 

A proposed disintegration scheme for Pd'® and its parent Ru'™ 
has been given by Peacock.* Our arguments, while limiting the 
possible multipole orders of the y-rays, do not otherwise affect his 
decay scheme except to exclude J=1 for the intermediate state 
in Pd'®, 

This example illustrates the value of the angular correlation 
theory for nuclear spectroscopy, but it also makes clear the need 
for extending the calculations to higher multipoles. 


* Supported in part by the joint program of the AEC and ONR at the 
pay is of Notre Dame. 
Brady and M. Deutsch, Phys. Rev. 72, 870 (1947); 74, 1541 
(1948); 7 Deutsch and F. Metzger, Phys. Rev. 74, 1542 (1948). 
D. R. Hamilton, Phys. Rev. 58, 122 (1940). 
7D S. Ling and D. L. Falkoff, Phys. Rev. 74, 1224 (1948). 
4 Phys. Rev. in preparation. 
5 M. Deutsch and M. L. Wiedenbeck, private communication. 
6W. C. Peacock, Phys. Rev..72, 1049 (1947). 





The Magnetic Susceptibilities of Some 
Tetravalent Uranium Fluorides* 


NorMAN ELLIOTT 
Brookhaven National Laboratory, U pton, Long Island, New York 
June 23, 1949 


HE magnetic susceptibilities of UF,, KUF;, K2UFs, and 
Na;UF; have been measured by the Gouy method over a 
temperature range of approximately 74°K to 300°K. 

UF, was prepared from UO; by treatment with anhydrous H F. 
The complex salts were prepared by the fusion of UF, with stoichi- 
ometric quantities of the alkali or alkaline earth fluorides. This 
was done in a platinum crucible in an HF atmosphere, as de- 
scribed by Zachariasen.! Observation through a microscope 
showed them to be homogeneous. Uranium analyses were carried 
out on all the salts. 

The susceptibility measurements were made over a two- 
month period on three or more samples of each compound, and 
during that time remained sensibly constant. If structural changes 
were taking place in any of the compounds, which might well be 
the case when one considers the method of preparation, this was 
not revealed by an effect on the susceptibilities. 

With the exception of K2UF., these substances obeyed the 
Curie-Weiss law x=C/(T+8) over the whole temperature range 
of the investigation. K2UF. followed the Curie-Weiss law down to 
198°K, but deviated below this temperature. At 76°K its sus- 
ceptibility is 8.6 percent smaller than that given by the Curie- 
Weiss equation. The experimental data are given in Table I. 

The tetravalent uranium ion is thought to contain two 5f elec- 
trons, and so be in a *H, state. The theoretical moment for a free 
ion in this configuration has been calculated by Van Vleck? to be 
3.58 Bohr magnetons. It is seen from the table that the experi- 
mentally calculated moments are reasonably close to this value. 








TABLE I. Susceptibilities of tetravalent uranium fluorides. 











Compound Cc 0 B 
UF «t 1 147° 3.308 
KUF; 1.30 122° 3.30 
K2UFs 1.47 108° 3.45 
CaUFs 1.31 101° 3.25 
NasUF7 1.45 290° 3.40 








The large values found for the Weiss temperature in all these 
compounds make one hesitate to give the usual interpretation to 
the Curie constant, however, and experiments are in progress at 
this laboratory to obtain further information on the nature of the 
Weiss temperatures observed in these salts. 


* Research conducted at Brookhaven National Laboratory under an 
AEC contract. 

1W. H. Zachariasen, J. Am. Chem. Soc. 70, 2147 (1948). 

+ In a previous letter to the editor the Curie constant for UF 4 was errone- 
ously reported to have the value 1.00 (N. Elliott, Phys. Rev. 74, 498 (1948)). 

2J.H. Van Vieck, Theory of Electric and Magnetic Susceptibilities (Oxford 
University Press, New York). 





Interaction of Mesons with the 
Electromagnetic Field 


W. H. Furry AND M. NEUMAN 
Harvard University, Cambridge, Massachusetts 
June 10, 1949 


N terms of the formalism of Duffin and Kemmer,! a Lorentz 

gauge and charge invariant theory of the interaction of a 

meson with an electromagnetic field has been formulated. It was 
found that a possible interaction Hamiltonian is of the form 


1 
H= —-jyA ute MyrAy Ay, : (1) 


where - = 
Ju= (dec/2) YB") — $8") 
Myy=41¥8"(Bn?+ 1)8'¥+96"(6n?+1)6'9] 
¢=Cy; BY=—C16"C; Ct=C; C=C. 


= NB, 
and N, is a unit vector normal to the surface. By means of the 
method used by Schwinger,? the longitudinal components of the 
electromagnetic field were eliminated from the Hamiltonian leav- 
ing it in the form 

aha (1/¢)jpAy+ (e2/mc*) MyyAyA vt (3c) jn Vy (2) 

with 
OD(x—x’) jr(x’) 


(N)0/8x)*D(x) = D(x); A, is the 4-vector of the pure radiation 
field. The terms linear in A, were then removed by means of a 
unitary transformation and the resulting second-order Hamil- 
tonian analyzed into vacuum, photon, meson self-energy terms 
and terms representing the coupling of photons with mesons and 
the interaction between mesons. The explicit dependence on the 
orientation of the space-like surface present in (1) and (2) is 
exactly compensated in all these terms by the terms containing 
the derivatives of the signum function entering into the definition 
of A(X). The vacuum self-energy was shown to be a constant; 
the photon self-energy could be taken to vanish, if certain am- 
biguous integrals were suitably evaluated; the meson self-energy 
terms when transformed back to the original Kemmer equation 
could be interpreted as mass correction terms having the values 


(8x /x) = (@/12m)[6(PmPo/x*)+11 In((Pot+Pm)/x) —¥] 
(5x/x) = (30/4) [(PmPo/x*)+In((Pot+Pm)/k)—3] 


day! 
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in the representation of rank 10 and 5 respectively, where P», is the 
maximum momentum of the virtual quanta and Po= (P»,?+x°)}. 
The polarization of the mesic vacuum by a given current distri- 
bution was also investigated. For a scalar meson the polarization 
kernel is of second order in the derivatives. The polarization 
kernel of the vector meson consists of two terms, separately con- 
served and gauge invariant. The first is formally identical with the 
polarization kernel of a spinless particle, the second is of fourth 
order in the derivatives. As a result, in the first term (and in the 
case of the scalar meson) the factor multiplying J,, and in the 
second term the factors multiplying J, and 0?J, are divergent. 
The physical concept of charge ormalization provides some 
justification for regarding the terms proportional to J, as unob- 
servable and hence the infinities multiplying them as innocuous. 
It is suggested that because of the high order derivatives present in 
the second term of the polarization kernel of the vector meson, the 
formal strategy of dealing with infinities be extended to the term 
O2J,, even though the physical reason for this may not be too clear 
at present. Thus the current associated specifically with the vector 
meson would be regarded as observable beginning with derivatives 
of the external potential of higher order than those appearing in 
the polarization kernel, the formal procedure being the same as 
that used in the case of the electron and scalar meson. Explicitly 
stated, the formulas are: 
6J,=5J, (for a scalar particle) 
bJ,=6J,+6F,© (for the vector meson) 
BF, = —(2/h) Skyy (x— 2’) A(x") deo! 
wv» (x) = [AM (6A /dx,0%,) +AG7AY /dx,02y) ] 
—[(@A® /dx,) (0A /dxy)+ OA /Axy)(OA/Axy) J 
+ GyvA™ (x) (x) 
Kyy? (x) = «287A (x) /OxyOxy) 5(x) 
+x*[(0°A/dx,0%¢) (0A /AxyAxe) 
+ (0°A/dx,Ax%_) (G?A /AxyA%e) ] 
—[(@A /dx,) (@A/dxy)+ (0A /dx,)(GA/Ax,) ] 
+ KF byy[ KAMA — 070/82, 0x5) (024A /Oxy,9Xe) ] 
(34) vac= (—a:/6m)[In((Po+Pm)/x)—1 Vp 
—(a/24r) f F2(x—<x’) oy p(x’ dw’ 
(Ty) vac= — (a/6m) (PoP m/x*) —4 log((Pot+Pm)/«)+3 Vy 
— (a/6m)[log((Po+Pm)/«) — (27/20) x? OJ, 
—(a/161) {LF 2(x— x’) — $F s(x—2’) ] 
X («?70”)*T u(x’) dw’ 
where F,,(x). is defined by 


=16< f" de al 4 = |: 


According to the suggestion a here the second term of 5J, 
and the third of 6J, would be regarded as physically significant, 
corresponding to the formal fact that K is of second- and K™ of 
fourth order in the derivatives. 





1N. Kemmey, Proc. Roy. Soc. 173A, 91 (1939). 
2 J. Schwinger, Phys. Rev. 74, 1439 (1948); Phys. Rev. 75, 651 (1949). 





Electromagnetic Induction in a Superconductor 
A. WEXLER AND W. S. Corak 


Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 
June 20, 1949 


ECENTLY, Houston and Squire! reported the results of an 
experiment in which a Faraday disk of lead, in the form of a 
flattened spheroid, was investigated above and below the super- 
conductive transition temperature. They found that the induced 
electromotive force remained practically unchanged as the transi- 
tion range was traversed. On the basis of the “Meissner effect”’,? 
however, the’ electromotive force should have dropped to zero 
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when the lead became superconducting. These results seem to 
cast doubt upon the general validity of the supposed fundamental 
property of superconductors, namely, the zero value for the mag- 
netic induction, B, within a substance when it is in the super- 
conducting state. 

Because of the fundamental nature of this experiment, we in- 
vestigated the problem under isothermal conditions which facili- 
tate precision measurements and eliminate errors due to tempera- 
ture gradients. A lead sphere, one inch in diameter, was studied at 
ca. 4.2°K through the measurement of the induced electromotive 
force, between the axis and the periphery of the sphere, as a func- 
tion of the applied magnetic field, H, in the direction of the axis 
of rotation, the rotationa] speed being maintained constant. Thus 
far, two speeds have been used: 200 r.p.m. and 350 r.p.m. The 
results were entirely in accord with the concept of the inability of 
a magnetic field to reside within a superconductor. As H was in- 
creased from zero, the induced voltage remained zero until the 
field reached a value H =3H,. In the transition range, the voltage 
increased linearly with the field up to the critical field, =H, 
attaining at this point a value in agreement with that deduced 
from the laws of electromagnetic induction for a conductor of 
permeability unity. Thus at 200 r.p.m. and at 4.180°K, corre- 
sponding to H.=552 oersteds, the measured e.m.f. was 91 micro- 
volts. The e.m.f. versus field curve was reversible except for a small 
hysteresis corresponding to a “frozen-in” flux of about 8 percent 
of the value obtaining within the specimen at H=H,. 

Auxiliary experiments in which the sphere was cooled in the 
presence of a magnetic field, in contrast to our aforementioned 
experiments, confirmed the transition to a state wherein the mag- 
netic induction is zero. Under these conditions, the measured 
e.m.f. was only 17 percent of the value to be expected of a normal 
conductor, and was 7 percent of the e.m.f. observed at H=H.. 
In addition, qualitative experiments involving temperature 
changes under conditions of constant rotational speed and applied 
magnetic field resulted in e.m.f. changes of the type to be expected 
from the variation of B with temperature. 

The e.m.f. versus H transition curves should be entirely equiva- 
lent to those of B.versus H. This was confirmed by measurements 
of B versus H by the conventional method described by Keeley 
and Mendelssohn.’ All of our data are consistent and give values 
of H, in very close agreement with the carefully determined 
critical data of Daunt and Mendelssohn.‘ 

More extensive measurements, covering higher rotational 
speeds, will be reported in detail in the near future. 

1W. V. Houston and C. F. Squire, Science 109, 439 (1949). 

2 W. Meissner and R. Ochsenfeld, Naturwiss. 21, 787 (1933). 


3T. C. Keeley and K. Mendelssohn, Proc. Roy. Soc. London A154, 378 


(1936). 
4J. G. Daunt and K. Mendelssohn, Proc. Roy. Soc. London A160, 127 


(1937). 





Thompson Scattering and the Hole Theory 


D. S. KotHari AND F. C. AULUCK 
University of Delhi, Delhi, India 
June 20, 1949 


T is well known that the original Dirac theory and the “hole” 
theory give identical values for the scattering (electromagnetic 
waves) cross section of an (isolated) electron—in the “original” 
theory the negative energy states are assumed to be all vacant 
whereas in the hole theory they are all occupied. The type of 
divergence, however, of the electron self-energy is different in the 
two cases. Recently, while examining the problem of the effect 
of radiation field on the electromagnetic shift of the s-level of the 
H-atom, we were led, incidentally, to consider. how the scattering 
cross section for a free electron becomes modified when it belongs 
to an assembly of a degenerate Fermi-Dirac gas. It was immedi- 
ately obvious that the cross section for this case is affected differ- 
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ently according to whether the original theory or the hold theory 
is used. For instance, in the non-relativistic case (Thompson 
scattering) the scattering cross section is practically unaffected in 
the original theory whereas this is not so in the hole theory. In 
the case of the hole theory, the scattering cross section tends to 
vanish for photons of wave-length Ao, where Xo is the minimum 
de Broglie wave-length for the fermi distribution for the de- 
generate electron gas. 

We were, therefore, greatly interested to see a recent note by 
Halpern and Hall' on the coherent scattering of radiation and 
negative energy states. They have considered the scattering cross 
section of neutral atoms originally calculated by Waller, assuming 
the negative energy state to be unoccupied, and find that, in the 
case of the hole theory, the results of Waller need modification. 
As Halpern and Hall conclude, the results obtained indicate that 
not only the proof concerning the equivalence of the two versions 
of the theory is erroneous, but also that the two theories lead to 
different predictions concerning experimental results. The point 
that the hole theory and the original theory do not lead to iden- 
tical results has been often overlooked. It is therefore worth while 
to draw attention to the fact that even for Thompson scattering 
the results are identical only when we consider an isolated electron, 
but they are different if the electron is the constituent of a de- 
generate gas. (In the case of non-degeneracy the difference is 
negligible.) 


10. Halpern and H. Hall, Phys. Rev. 75, 910 (1949). 





Quadrupole Moment of Sb"! and Sb!2* 


K. MuRAKAWA ‘AND S. Suwa 
Institute of Science and Technology, Komaba, Meguroku, Tokyo, Japan 
June 15, 1949 


N order to find the value of the quadrupole moment of Sb" 
and Sb”, the hyperfine structure of the spectrum of Sb II was 
studied. This was excited in an aluminum hollow cathode dis- 
charge tube which was filled with neon of a few mm Hg pressure. 
The cathode contained some powdered antimony and was cooled 
with water. The fine structure was examined by the use of two 
glass Lummer plates (thickness=10 mm and 4.7 mm), a quartz 
Lummer plate (thickness=4.4 mm), and a Fabry-Pérot etalon. 
5640(56s*P2—5p6p3S1) was found to have the following struc- 
ture: 0(10), 0.072(8), 0.222(8)*, 0.315(6), 0.351(6), 0.403(4)*, 
0.484(7)*, 0.616(7)*, 0.672(2), 0.736(3) cm™, where numbers in 
brackets represent visually estimated intensities. The approxi- 
mate structure of this line was calculated by Badami by assuming 
the nuclear spins! J=5/2 for Sb and J=7/2 for Sb’. Compari- 
son of the observed structure with the calculated one shows that 
the components marked with * are blends and are not suited for 
determining the hyperfine levels. From the observed structure we 
obtain the hyperfine separations of the term 5p6s*P2(Sb™) : 


FH-F=0.315 cm™ 
F}$—F=0.736+ total separation of 5p6p°S; 
=0.736+0.135 =0.871 cm™. 


If we assume that the position of the hyperfine structure levels of 
a term is represented by E=Ey+(A/2)C+C(C+1) where A and 
B are the fine structure constant and the quadrupole constant 
respectively and C=F(F+1)—I([+1)—J(J+)), we obtain from 
the above mentioned separations the values of the constants: 
5p6s*P2(Sb™): A=0.0674, B= —0.000086. 


The value of the quadrupole moment Q can be calculated by the 
formula which is due to Casimir?: 
BZ;H 


= pr 1 (21 —1)44370- 10 cm’, 
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in which H and R’ are relativity correction factors, 6 is the doublet 
separation of the p-electron, and Z;=Z—4 for a p-electron. 
Putting B= —0.00086, Z;=47, H=1.06, 5=6140, R’=1.10 in the 
formula, we obtain 

Q'2t = (—0.30.2) -10-* cm?, 


the uncertainty coming partly from the probable error of our 
measurement and partly from inaccuracy of the theoretical 
formula for @. The structure of \5640 is too complicated to find 
suitable resolved components of Sb™. 

Tomboulian and Bacher® measured the hyperfine structure of 
45895, and found that Sb” has a quadrupole moment, but they 
could not determine the absolute value, since the classification of 
this line was unknown. We have classified this line as 5p6s*P, 
—5p6p*Po, so that from the measurement of Tomboulian and 
Bacher the constant A and B of the term 56s°P; can now be 
deduced and are found to be: 

Sb'8: A=0.1054, B=0.000127, 
Sb": A=0.1940, B~0.00004. 


The value of Q can be calculated by the formula? 


Q= BZ;HI(2I —1)- 14790 
5(R’ +¢:2?—2.83- Seie2)i 


in which S is a relativity correction factor, and c; and cz are coup- 
ling constants of the term 5/6s*P;. Putting S=1.17, H=1.06, 
¢,:=0.99666, co= —0.08189 and the value of B for Sb'* mentioned 
above in the formula we obtain 


Q3 = (—1.2+0.2) +10 cm’. 


According to the above mentioned authors, the quadrupole effect 
of Sb!*! in 45895 is too small to deduce the value of Q”!. 


1J. S. Badami, Zeits. f. Physik = ae (1932); M. F. Crawford and 
Bateson, Can. J. Research 10, 693 (19 
+7 ge Verh. Teylers sheng Haarlem 11 (1936). 
H. Tomboulian and R. F. Bacher, Phys. Rev. ‘58, 52 (1940). 
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The Magnetic Moment of B!! 
DonaLp A. ANDERSON* 


Radiation Laboratory, McGill University, Montreal, Canada 
June 13, 1949 


HE gyromagnetic ratio of B" has been compared with that 

of the proton by measuring the ratio of their Larmor pre- 

cession frequencies in the same magnetic field. The ratio of the 
resonant frequencies is: 


—=0.320827+0.000004. 

vp 
Making a small diamagnetic correction,+? assuming a spin of 3, 
and using the value 2.79352+-0.031 percent for the proton mo- 
ment,’ one gets for the B" moment 


up=2.68939+0.031 percent nuclear magnetons. 


Both resonances were observed in a supersaturated solution of 
potassium metaborate prepared by mixing 8 g of H;BO; with a 
10 cc boiling solution of 7 g of KOH. An absorption method 
with a simple regenerative circuit was used at 30 mc for the pro- 
ton, and the induction method for the boron, the resonances being 
displayed on an oscilloscope in the usual way. A single switch 
made possible the switching from one resonance to the other in 
approximately 3 seconds. All known first-order errors except in 
the calibration of the secondary frequency standard were elimi- 
nated by making the resonances coincide first on one side and then 
on the other side of the center of the sweep display, using the fore- 
sweep resonance on one side and the back-sweep resonance on the 
other for the B". In this-solution, T; for B" is approximately 0.01 
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second, so that the resonance reverses for each fore and back 
sweep of the 60 c.p.s. display giving an oscilloscope pattern sym- 
metrical about the center point. The chief error arises from the 
breadth of resonance and fluctuations of the magnetic field whose 
average value was regulated to <1 part in 10+. 

For the frequency determinations, reference was made to a 
stable crystal controlled standard. A second very stable oscillator 
operating at 10 mc had a sufficiently strong 3rd harmonic to pull 
the gently oscillating regenerative receiver into synchronism with 
it. The oscillator for the B™ induction, conveniently near at 
~9.6 mc, was checked from the calibrated dial of the secondary 
standard. 

The induction apparatus features the following: The push-pull 
oscillator and the induction coil which it supplies comprises a 
radiofrequency system balanced to ground to decrease capacitive 
coupling to the receiver coil. The receiver coil consists of two equal 
sections wound oppositely and in parallel aiding, so that the out- 
side grounded ends tend to shield the inner ends which are con- 
nected to the center of the receiver coax. Theoretically this con- 
struction also balances out voltage induced by any flux parallel 
to the main magnetic field. The magnetic coupling between the 
coils is minimized by micrometer adjustment of the angle between 
their axes. The mechanism consists of a ball-and-socket-like 
arrangement in which the receiver coil is supported on the end of 
an adjustable probe inside the induction coil, the specially shaped 
polystyrene coil-forms of each forming the bearing. The voltage 
induced in the receiver coil is reduced to a few millivolts thereby 
making possible the observation of a signal of a few microvolts 
when the oscillator modulation is approximately 0.01 percent. 
A three-stage T.R.F. receiver, diode detector and audio amplifier 
were used for the induction signal. 


Some indication of T; and a rough check on Bloch’s formula for. 


amplitude of an induction signal were- obtained for the B". 
Experimentally, the resonance width was 3.2 gauss (at 0.707 maxi- 
mum amplitude), and the resonance amplitude 6.24740 percent. 
A large fraction of the width is accounted for by the induction 
field 2 Hi, but at least we deduce 


T:> 10~ sec 


The greatest amplitude expected with optimum relaxation times 
is 6.0uy, which would be obtained if T;=T2. We conclude that 
conditions in this solution are about optimum for observation of 
induction and that T:—>Th. 

Appreciation is expressed to Dr. J. S. Foster who suggested 
and encouraged the work. The suggestions of Mr. D. Hunten and 
his efforts in building some of the equipment are acknowledged as 
well as those of others of the Radiation Laboratory Staff. Grati- 
tude is due to the National Research Council, Ottawa, for the 
award of three studentships during the course of the work. 

* Now with Canadian Marconi re: Montreal. 

1W. E. Lamb, Phys. Rev. 60, 817 (194 

2 Bloch, Nicodemus, and Staub, Phys. a. 74, 1025 (1948). 


3H. Taub and P. Kusch, Phys. Rev. 75, 1326A (1949). 
4F. Bloch, Phys. Rev. 70, 460 (1946). 





Erratum: The Scattering of Slow Neutrons by 
Paramagnetic Crystals 
[Phys. Rev. 75, 895 (1949)] 


I. W. RUDERMAN, W. W. HAVENS, JR., T. I. TAYLOR, 
AND L. J. RAINWATER 


Columbia University, New York, New York 
June 13, 1949 


HE following typographical error has been noted in the 
above paper: 
Page 895, column 1, last line 


for “a/k=62/rod” read instead 
“oe/k=3d/2ar.” 
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Gamma-Radiation from Na” and Co” 


Davip E. ALBURGER 
Brookhaven National Laboratory,* Upton, New York 
June 23, 1949 


ECHNIQUES of gamma-ray measurement using the lens 
spectrometer have been applied to the radiation occuring in 
3y Na™ decay. As shown by Good, Peaslee, and Deutsch,' the 
Na* nucleus emits a positron of 0.575-Mev maximum energy 
followed by a single gamma-ray of 1.30-+-0.03 Mev from the resi- 
dual Ne” nucleus. The mass of Na” has been calculated in Rosen- 
feld’s tables? by adding the mass equivalent of these two energies 
plus 2moc* to the mass of Ne*. The accuracy of the mass difference 
has been limited by the gamma-ray value. 

The experimental method used is due to Hornyak, Lauritsen, 
and Rasmussen’ and was first described by Dr. Lauritsen at the 
1949 Washington American Physical Society meeting. It consists 
of converting the gamma-radiation photoelectrically in thin foils 
of a heavy element such as thorium and taking the extrapolated 
upper energy edge end point of the photoelectron distribution as a 
direct measure of electron momentum. The end point is found to 
be nearly independent of converter thickness and avoids the diffi- 
culties of correcting for scattering and energy loss in the converter 
when the momentum is referred to the position of the curve 
maximum. 

The Brookhaven lens spectrometer‘ was used to observe photo- 
electrons from 21.5-mg/cm? lead, 14-mg/cm? thorium, and 44- 
mg/cm? uranium foils. Calibration values taken from the extra- 
polated front edge of K-shell photoelectrons due to Na® positron 
annihilation radiation were in close agreement for the three con- 
verters. Regulation of the lens coil current was maintained to 
better than 0.1 percent by a Lawson and Tyler type photoelectric 
regulator.® This operates from a current shunt and employs a 10- 
turn Helipot for reference voltage to control the current in field 
of an exciter generator. Frequent checks on current linearity and 
stability of the system were made by measuring the voltage de- 
veloped across a second shunt with a Leeds and Northrup Type K 
potentiometer. 

The Na” source was formed in the DTM Carnegie cyclotron by 
the reaction Mg”*(da)Na*™ and separated by the Chemistry De- 
partment of this Laboratory. The active NaCl solution was de- 
posited in a 0.85-cm diameter brass source capsule to which the 
converters were attached. A complete curve of the gamma-ray 
secondary electron spectrum using the 21.5-mg/cm? Pb foil is 
shown in Fig. 1. The inner K and L photoelectrons of large in- 
tensity are due to the 0.5108-Mev positron annihilation radiation 
and the outer K and L peaks correspond to transition gamma- 
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Fic. 1. Na® gamma-ray secondary electron spectrum using 
a 21.5-mg/cm? Pb converter. 
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rays. These are superposed on a double Compton distribution 
background. In general, only the two K peaks were measured. 
The average value of five final measurements using the three 
converters previously mentioned was 1.277+0.004 Mev for the 
gamma-ray energy. This falls within the limits assigned by Good, 
Peaslee, and Deutsch. Using a probable error of 10 kev in the 
positron end point,® the Na®—Ne* mass difference may now be 
placed at 0.003087 +0.000011 Mev. 

As a check on the method the gamma-rays of Co were in- 
vestigated and energies of 1.175+-0.006 Mev and 1.332+.0.005 
Mev obtained. These agree well with the new crystal spectrometer 
measurements of Lind, Brown, and DuMond,’ namely, 1.1711 
+0.0010 Mev and 1.3318+0.0010 Mev but are definitely higher 
beyond the experimental limits than the values of Jensen, Laslett, 
and Pratt. ** 

The author is indebted to Dr. W. Rubinson for the loan of the 
chemically separated Na* sample. 


* Research carried out under contract with the AEC. 

1 Good, Peaslee, and Deutsch, Phys. Rev. 69, 313 (1946). 

2L. Rosenfeld, Nuclear Forces II (Interscience Publischers, Inc., New 
York, 1949), 

_ ? Hornyak, Lauritsen, and Rasmussen, Phys. Rev. (in press). The author 
is grateful to Dr. Lauritsen for forwarding a copy of their paper in advance 
of publication. 

4D. E. Alburger, Phys. Rev. 75, 1442 (1949). 

5J. J. Lawson and A. W. Tyler, Rev. Sci. Inst. 10, 304 (1939). The 
actual circuit used is a modified version designed by Dr. G. Wadey. 

§ M. Deutsch, private communication. 

7 Lind, Brown, and DuMond, Bull. Am. Phys. Soc. 24, No. 6, 12 (1949). 
The value 1.1171 in this reference is apparently a misprint and should be 
1.1711 to agree with the wave-length in x.u. 

8 Jensen, Laslett, and Pratt, Phys. Rev. 75, 458 (1949). . 

; ‘ane however, the Letter to the Editor by Jensen, Laslett, and Pratt 
in this issue. 





The Nuclear Spin and Magnetic Moment of Cs!*’* 


LuTHER Davls, Jr. 


Research Laboratory of Electronics, Massachusetts Institute of 
Technology, Cambridge, Massachusetts 


June 13, 1949 


HE decay scheme of Cs'*? has recently been reported by 
Townsend, Cleland, and Hughes! in which they remark 
upon the desirability of determining the spin of this isotope. The 
atomic beam magnetic resonance method? as used by Zacharias’ to 
determine the nuclear spin and magnetic moment of K*° has been 
used to determine the nuclear spin and magnetic moment of Cs"*’. 
Of the Cs##7Cl obtained from the Isotopes Division of the Atomic 
Energy Commission, 210 microcuries in dilution of one part in one 
thousand with CsCl were placed in the oven together with a 
slight excess of NaN;. Upon decomposition of the azide, the so- 
dium displaced the cesium in the chloride to furnish an atomic 
cesium beam. A fourteen-hour run was required for the present 
determination with the evaporation of 4X 10~* mole of Cs"? from 
the oven resulting in transition intensities for that isotope of 
several hundred atoms per second. 

Because of the high frequencies of the hyperfine structure Av of 
both Cs'*8 and Cs'87, only AF=0 transitions were observed having 
Amp=-+1. These transitions permit direct comparison of gr for 
the two isotopes. Search was made for transitions, having set the 
magnetic field (as determined by the Cs! line) and radiofrequency 
for transitions corresponding to J=1/2, 3/2, ---, 23/2 with the 
mass spectrometer set for mass number 137. No resonances were 
observed except for =7/2 which, because of the resolution of the 
mass spectrometer for this mass separation and number being 
only 0.4 percent, could be due to both cesium isotopes or to Cs'* 
alone. If both isotopes have the same spin but not identical 
nuclear magnetic moments, raising the value of the homogeneous 
magnetic field increases the separation between the transition 
frequencies because of the difference in Av until a value is reached 
where the resonances may be resolved. This procedure was fol- 
lowed until at 257 gauss two peaks were observed at about 96 
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Mc/sec., spaced some 700 kc/sec. apart, having the proper rela- 
tive intensities in the two mass positions for the dilutions used. 
As the second peak did not appear in the mass 133 position, it 
must be associated with some other isotope rather than a spurious 
effect in the apparatus. The resolution of the mass spectrometer 
being only 10 percent for a spacing of two mass numbers at this 
mass number, it is possible that Cs!*5 present in abundance ten 
times as great as Cs'87.could produce such an effect. However, the 
fission yield of these two isotopes should be about the same, so 
that such confusion seems highly improbable, leading us to assign 
the spin of 7/2 to Cs'*’. The use of a mass spectrometer of higher 
resolution will allow observations to be made at the Cs"*5 position 
because of the diminished Cs! background, permitting the de- 
termination that the observed transitions do not result from Cs!*5 
and very likely permit observation of peaks due to that isotope. 

The AF=0 transitions of both isotopes were followed out to 
about 1100 gauss permitting an evaluation of the h.f.s. Av to an 
accuracy limited primarily by the instability of the homogeneous 
field. The results show that the spin of Cs"? is 7/2 in units of 
h/2zx and its h.f.s. Av is 10,128+15 Mc/sec. By comparison with 
the value of the nuclear magnetic moment of Cs'*3 given by Kusch, 
Milliman, and Ravi,‘ we obtain for Cs'*”7 a nuclear magnetic mo- 
ment of 2.837+0.010 nuclear magnetons. The sign of this nuclear 
moment was determined to be positive in just the way used by 
Zacharias for K*°. 

I am indebted to Mr. C. W. Zabel for his help in both this and 
the Na* experiment during the run when time was of such im- 
portance; to Dr. D. E. Nagle for the design and construction of the 
apparatus adapted for use in this experiment; and to Professor 
J. R. Zacharias who suggested the problem and with whom re- 
peated discussion of the problems involved made possible the 
conclusion of this experiment. 

* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, and the ONR 

1 Townsend, Cleland, and Hughes, Phys. Rev. Lage no ‘Spang 

? Kusch, Millman, and Rabi, Phys. Rev. 57, 765 (19 


3J. R. Zacharias, Phys. Rev. 61, 967 (194 2). 
4 Kusch, Millman, and Rabi, Phys. Rev. 55, 1176 (1939). 





The Neutrons from the Disintegration of 
Sodium by Deuteronst 


C. E. MANDEVILLE 


Bartol Research Foundation of the Franklin Institute, 
Swarthmore, Pennsylvania 


June 17, 1949 


HE nuclear energy levels of Mg* have been studied rather 
extensively with the aid of several different nuclear reac- 
tions. Inelastic lines have been observed in the scattering of fast 
protons by magnesium’ and in the scattering of fast neutrons 
by magnesium ;‘ levels® are also excited by beta-disintegration of 
Na™. There is some uncertainty in the levels indicated by the two 
gamma-rays of Na™, since the order of emission of the successive 
gamma-rays is not known. As yet unexplored as an indicator of 
nuclear energy levels of Mg” has been the energy spectrum of the 
neutrons emitted when sodium is irradiated by deuterons. The 
nuclear reaction is 


Na*+ D—Mg"-+n!+(Q. 


The Q-value corresponding to the formation of Mg* in its ground 
state can be calculated from the masses® as 8.88 Mev. This rather 
large quantity of energy immediately suggests the possibility of 
forming Mg™ in highly excited energy levels to be marked by the 
presence of group structure in the neutron spectrum. To ascertain 
the distribution in energy of the neutrons, a thick target of metallic 
sodium was bombarded by 5.6-microampere hours of deuterons of 
energy 1.4 Mev in the Bartol Van de Graaff generator. The neu- 
trons were detected by production of recoil protons in Ilford C2 
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Fic. 1. Energy distribution to 8.5 Mev of the recoil protons projected in 
the forward direction by the neutrons from the disintegration of sodium by 
deuterons. The broken line is the corrected distribution. Corrections for 
variation with energy of acceptance probability and the neutron-proton 
scattering cross section were made. Emulsion thickness 100 microns. 


photographic emulsions located 9 cm from the target and at 90° 
to the incident beam. A total of 1450 acceptable tracks were 
measured. Track lengths were measured in the calibrated eye- 
piece of a compound microscope. An acceptance angle of twelve 
degrees in the forward direction was used throughout, and proper 
allowance was made for shrinkage of the plates on development. 
Using plates of emulsion thickness 100 microns, the energy distri- 
bution of Fig. 1 was obtained. Owing to the difficulty of finding 
acceptable long tracks, measurements were not extended beyond 
8.5 Mev in the 100-micron emulsions. Four neutron groups are in 
evidence in Fig. 1 having peaks at 0.64, 1.70, 2.70, and 6.1 Mev. 
The actual neutron distribution, corrected for variation with 
energy of the n— p scattering cross section and for the probability 
of finding an acceptable recoil proton track corresponding to a 
given energy, is shown by the broken line. In order to obtain data 
in the vicinity of 10 Mev and to improve statistical accuracy as a 
whole in the region of higher energies, the energy interval between 
4.2 Mev and 10.5 Mev was surveyed with C2 emulsions of thickness 
200 microns. The distribution in energy is shown in Fig. 2 where 
neutron groups are to be found with apparent peaks at 6.1, 8.5, 
8.9, 9.3, and 10.1 Mev. As in'the case of Fig. 1, the corrected dis- 
tribution is indicated by the broken line. 

The neutron group at 0.64 Mev is dismissed as very probably 
the monochromatic neutrons of the reaction C!2(D, 2)N". The 
Q-values calculated from the remaining groups are 9.23, 8.40, 
7.99, 7.57, 5.07, 1.53, and 0.59 Mev. In calculating the Q-values, 
the observed energies of the neutron groups were used, but the 
customary two percent additive correction introduced by the 
acceptance angle has not been made. With the omission of this 
correction, the calibration curve of Powell and Ochialini’ was 
found to give precise agreement with known energy values of 
neutron groups such as the monochromatic neutrons .of the 
deuteron-deuterium reaction. It is convenient that the level 
spacings of the residual nucleus depend on differences between the 
Q-values and not upon their absolute values. The above-cited 
Q-values indicate energy levels in Mg” at 0.83, 1.24, 1.66, 4.16, 
7.70, and 8.64 Mev. It may be argued that the 1.24-Mev—1.66- 


Mev. doublet is actually a single level, and indeed it was hoped 


that this would be the case. However, although the data in the 
vicinity of a neutron energy of 8.5 Mev grouped according to 
several different energy interval sizes, the doublet structure seemed 
to persist. 

Returning to the question of the order of emission of the gamma- 
rays of Na*, it is first noted that the level at 4.16 Mev is consistent 
with the known cascade emission of the two gamma-rays. More- 
over, the levels in the vicinity of 1.4 Mev suggest that the 1.38- 
Mev quantum is the second of the two emitted quanta. A salient 
feature of the distribution curve of Fig. 2 is that no neutron group 
appears which corresponds to an excitation level at 2.76 Mev, 
thus favoring a disintegration scheme in which the 1.38-Mev 
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Fic. 2: Energy distribution (observed and corrected) ranging from 4.2 
Mev to 10.5 Mev of the recoil protons projected in the forward direction by 
the neutrons from sodium irradiated by deuterons. Emulsion thickness 200 
microns. 


gamma-ray follows the 2.76-Mev gamma-ray. In the various 
proton scattering experiments, weak proton groups have appeared 
which correspond ‘to levels between 2.0 Mev and 2.8 Mev. How- 
ever, for reasons of intensity, these levels may be related to Mg” 
or Mg®. Separated magnesium isotopes have not as yet been 
employed in scattering experiments. The data of the present ex- 
periment are completely unambiguous, because Na* is the single 
stable isotope of sodium. It is, of course, likely that other neutron 
groups may emerge at different angles of observation and differ- 
ent bombarding energies. The nuclear energy levels of Mg* as 
determined by several different methods are summarized in 
Table I. 


TABLE I. Nuclear energy levels of Mg. 











Proton Proton Proton 
scattering scattering scattering Disinte- 
Neutron Rochester, Rochester, Princeton, gration Na%+D— 
scattering 1941 1943 1948 of Na*® Mg%*-+n’+O 
1.00 0.83 
1.30 1.32 1.33 1.24 
1.37 1.38 
1.54, 1.58 1.66 
1.98(?) 
2.80 2.74 2.64(?) 
3.88 3.97 
4.07 4.17 4.14 4.16 
5.51 
7.32 7.70 
8.30 8.64 








The writer wishes to express his appreciation to Dr. E. L. 
Hudspeth and Mr. C. P. Swann of Bartol for many interesting 
discussions regarding the photographic plate technique and for 
the use of the Van de Graaff generator. 


+ Assisted by the joint program of the ONR and the AEC. 

1T. R. Wilkins, Phys. Rev. 60, 365 (1941). 

2R. H. Dicke and J. Marshall, Phys. Rev. 63, 86 (1943). 

3H. W. Fulbright and R. R. Bush, Phys. Rev. 74, 1323 (1948). 

4 Little, Long, and Mandeville, Phys. Rev. 69, 414 (1946). 

5 Elliott, Deutsch, and Roberts, Phys. Rev. 63, 386 (1943). 
‘ ny eae Elementary Nuclear Theory (John Wiley & Sons Inc., New 

ork, 2 

7C. F. Powell and G. P. S. Ochialini, Nuclear Physics in Photographs 
(Oxford University Press, New York, 1947). 





Erratum: On the Difficulty of the Meson 


Theory of Nuclear Forces 
[Phys. Rev. 75, 1101 (1949)] 


GENTARO ARAKI 
Department of Industrial Chemistry, Kyoto University, Kyoto, Japan 


Foe Eq. (1) read 
W pa=— 21H 1H 1a/(E1— Ea). (1) 


Decay Scheme of Te!?5™ 
J. C. BowE AND GERTRUDE SCHARFF-GOLDHABER 
Department of Physics, University of Illinois, Urbana, Illinois* 
June 20, 1949 


STUDY of Te! (58 days) with a 180° magnetic beta-ray 

spectrograph! had shown that besides the K, L and M con- 
version lines of the 109.3 kev transition, a weak line of 31 kev 
electrons was present. With a more intense source of Te, 
Hill succeeded recently in photographing a second weak line, 
thus identifying the first and the second line as L and M conver- 
sion electrons, respectively, of a 35.4 kev transition. 

The present investigation was undertaken to decide the role 
of this transition in the decay scheme of Te!*™ in order to be able 
to assign the spin change between the metastable state and the 
ground state which is of particular interest in this case.’ 

We have carried out the following experiments: 


1. By the fluorescence method previously described‘ we have 
detected unconverted photons corresponding to the 35.4 kev 
transition. We observed characteristic fluorescence from reflectors 
made of various iodine compounds, but not from reflectors made of 
caesium or barium compounds. This is to be expected for a 35.4 
kev photon. A comparison of the intensity of the fluorescence from 
iodine with that obtained from silver, where the Te K x-ray lines 
are critically absorbed, showed that approximately 15 uncon- 
verted gamma-rays are emitted per 100 K x-rays. This result was 
confirmed by Mr. Katz by means of critical absorption instead of 
fluorescence.® 

2. Using two krypton filled Eck and Krebs counters and a 
coincidence circuit with a resolving time of 0.2 microseconds, we 
found photon-photon coincidences which were strongly reduced 
by insertion of Ag absorbers between the source and one of the 
counters. This result taken together with the fact that no line 
corresponding to the difference 109.3 kev—35.4 kev=73.9 kev 
has been observed either converted or unconverted, indicates 
that the 35.4 kev transition succeeds the 109.3 kev transition. 

An estimate of the K shell conversion coefficient can be made 
from the photon-photon coincidence rate observed. The absolute 
efficiency for K x-rays of the region in which we are interested was 
obtained by using a Te!! source, where K electron capture from 
the 17 day ground state leads to an excited state of 610 kev in 
Sb"! which decays promptly to the ground state.® If it is assumed 
that each 610 kev gamma-ray is preceded by K electron capture 
(thus ignoring small contributions from capture of electrons in 
higher orbits), the absolute efficiency ¢ for detecting K shell holes 
(equal to the efficiency of detecting K x-rays multiplied with the 
fluorescence yield) is obtained. If we further assume that the un- 
converted gamma-ray is detected by our Kr counter approxi- 
mately as efficiently as a K hole and that the fractions ng, of the 
109.3 kev radiation and 1K, of the 35.4 kev radiation are converted 
in the K shell, the following relation holds: 

N 12 
1K, ™, 
Ni 
M 


A= 
2nx,€- 


Where A denotes (nx, + 2), Y2 being the fraction of unconverted 


gamma-rays per 35.4 kev transition and Ni2/N, the number of 
coincidences per single count for the Te*™ source measured in a 
geometry identical to that used for the determination of «. For 
Nx, we used the previously determined value 0.54'. Our coin- 


cidence experiments yielded the following values: 
e=(1.1+0.1) x10 


a. (0.80.1) x 10-% 
M 


from which it follows that A is close to 1. 
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TABLE I. Theoretical lifetimes and conversion coefficients. 








Ny> 


Nex 
Net+Ny 


Ny Ny 


Ne L 


b 
"Ke 





.68 0.23 
v7 0.12 


Electric dipole 3 0.41 . 
0. 
.6 


Magnetic dipole 6.8 0.63 
Electric quadrupole 17 36 
Present work 


0.018 
-0.8 0.15-0.20 


0 








* Expected lifetime of excited state, corrected for internal conversion, 
b For the calculation of these values conversion for shells higher than 


the L-shell has been neglected. 
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Fic. 1. Delayed photon-photon coincidences from Te!25m, 
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Fic. 2. Proposed decay scheme of Te!25m, 
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Values for nK2 between 0.6 and 0.8 and for y2 between 0.15 and 
0.20 are best compatible with all the data. 

3. An attempt was made to measure the lifetime of the 35.4 kev 
transition. Figure 1 shows the number of photon-photon coin- 
cidences, consisting of the coincidences between K x-rays of the 
109.3 kev transition and either K x-rays or the unconverted 
gamma-rays of the 35.4 kev transition, as a function of the delay 
between two Eck and Krebs counters. The technique used was the 
same as that described by Bittencourt and Goldhaber.* For com- 
parison a “zero-delay” curve obtained by shooting UX, beta- 
rays through both counters is given. No noticeable delay was 
found, and we can estimate that the half-life is <5 10-8 seconds. 

Table I shows the theoretical lifetimes and conversion coeffi- 
cients’ to be expected for the 35.4 kev transition, with either an 
electric dipole or magnetic dipole transition or an electric quad- 
rupole transition. In the last line the experimental results are 
given. 
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It is seen that the experimental data are compatible with the 
first two cases, although the lifetime appears to be somewhat 
short for a magnetic dipole transition. However, since theoretical 
lifetimes are uncertain by a factor of the order of 100 this is not 
sufficient to rule out the possibility of a magnetic dipole transi- 
tion.’ The assumption of an electric quadrupole transition, on the 
other hand, seems to be definitely in disagreement with our data. 

The spin of Te!** in its ground state has been recently measured 
by Mr. Fowles? in Professor Jenkins’ Laboratory at Berkeley, and 
found to be 3. This permits us to propose the following decay 
scheme (Fig. 2), which is definitive as far as spin assignments are 
concerned, but leaves the parity change for the second transition 
still indefinite. 


* Supported jointly by ONR and AEC. 

1 Hill, Scharff-Goldhaber, and Friedlander, Phys. Rev. 75, 324 (1949). 

2R. D. Hill, Phys. Rev. 76, 186 (1949). 
( : a arneee Goldhaber, and Scharff-Goldhaber, Phys. Rev. 74, 981 
1948). 

4R. D. O'Neal and G. Scharff-Goldhaber, Phys. Rev. 62, 83 (1942). 

5 R, Katz, unpublished. 

6 P, T. Bittencourt and M. Goldhaber, Phys. Rev. 70, 780 (1946). 

7M. H. Hebb and E. Nelson, Phys. Rev. 58, 486 (1940); S. D. Drell, Phys. 
Rev. 75, 132 (1949); P. Axel and S. M. Dancoff, in course of publication. 

8 It may be pointed out here that present ideas on the nuclear shell model 
seem to favor a magnetic dipole transition in this case (see R. D. Hill's 
discussion for Te!%, reference 2). 

9 Private communication from Professor A. C. Helmholz. 





On the Energy Band Structure of Insulators 
G. H. WANNIER 


Bell Telephone Laboratories, Murray Hill, New Jersey 
June 16, 1949 


T is a well-known fact that an insulator may become an n- or 
p-type semiconductor upon the introduction of a sufficient 
number of impurities. These “donors” and “acceptors” are known 
to stabilize the location of the Fermi level close to the conduction 
band or the uppermost filled band. Discussions of these phe- 
nomena often imply that the Fermi level of a good insulator is 
located in the center of the forbidden band. This letter wants to 
point out that this last possibility is rather remote and that an 
attempt to realize it is more likely to lead to uncontrolled spatial 
oscillations of the Fermi level between its and # positions. 

If we take, for instance, the case of diamond, we find that the 
product of electron and hole densities equals 10-* cm~*. Thus the 
electrons and holes which tend to stabilize the Fermi level in the 
center of the forbidden band are far too small in number to have 
any influence. Their role is restricted entirely to preventing the 
entry of the Fermi level into the filled or empty band. Within the 
forbidden region itself the location of the level becomes thus 
entirely dependent on the crystal imperfections and becomes sub- 
ject to the fluctuations which they undergo. If we assume, for 
instance, that there exists, at a certain place, a number of low 
lying acceptors (as might be found in the neighborhood of a crack) 
then we will find that these acceptors will tend to attract negative 
charge. This negative charge cannot be supplied by the filled band 
unless the Fermi level approaches the latter closely. Thus the 
region acquires a net negative charge whose field lines must end 
up on the same donor impurity in the neighborhood. The poten- 
tial which the negative region thus acquires is about equal to 
ne 


+ 
ea 


ne 
ed 


where n is the number of negative charges making up the imper- 
fection, a the linear dimension of the region and d the mean dis- 
tance to compensating positive charges. It is reasonable to assume 
d~10~-, a~10~ and a few units. The voltage thus obtained is 
considerably larger than 3.5 volts. The actual voltage drop will 
of course stop at the latter figure or earlier either because the 
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Fermi level has dropped below the acceptor Jevels or because it has 
approached the filled band sufficiently closely to form localized 
holes. In either case the Fermi level has been upset by the im- 
perfection. The disturbance calculated here is localized, but this 
will not be the case for surface type imperfections which are sug- 
gested by some experiments.! 

We arrive thus at a picture of an insulator as having a band 
structure whose height varies somewhat like a roller coaster 
(Fig. 1). Now let such material be flooded with electron hole 
pairs either by a rise in the temperature or by light or electron 
bombardment. The electron hole pairs produced will flow into 
the regions of unbalanced charge and gradually straighten out the 
band structure (Fig. 2). The conduction properties of the material 
will thus improve beyond what can be explained as primary 
photo-current. We have therefore a reasoning which offers a 
possibility of explaining the secondary photo-current observed in 
many insulators.” 

The writer is indebted to Dr. P. W. Anderson for some clarifying 
discussions on the subject. 

1 Rose, Weimer, and Forgue, Phys. Rev. 76, 179 (1949). 

2 Gudden and Pohl, Zeits. f. Physik. 6, 248 (1921). F. C. Nix, Rev. Mod. 


Phys. 4, 742 (1932). N. F. Mott and R. W. Gurney, Electronic Properties 
in Ionic Crystals, p. 185. 





Computed Binding Energies of Some Light Nuclei 


J. SAMUEL SMART 
Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland 
June 13, 1949 


QUANTITATIVE theory of the mass defects of light 
nuclei was first proposed by Wigner.’ Shortly thereafter, 
Barkas* employed Wigner’s theory to compute the atomic masses 
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of about 150 nuclear species with A 50. His method was to de- 
termine certain functions empirically from experimental data on a 
few nuclei, and then to use these functions in computing masses 
for the remainder. In this way, good agreements with experimental 
values were obtained for both stable and unstable nuclei. 

Since the publication of Barkas’ paper, some of the accepted 
mass values used by him in evaluating the binding energy func- 
tions have changed considerably. In particular, the experimental 
masses of the sulfur isotopes have been revised downward about 
1.3 mMU, due to the accurate measurements of Okuda and Ogata.? 
For this reason, it is of interest to redetermine the main binding 
energy function, Zo, using experimental values listed in Bethe’s 
text.‘ The results are shown in Fig. 1. In order to depict more 
clearly the variations in binding energy with A, the quantity 
—Eo-—8A is plotted as ordinate. To avoid using any more em- 
pirical constants than necessary in determining Eo, only points 
obtained from the experimental mass values of the A =4n, (000), 
nuclei are plotted. For these nuclear species, the atomic mass may 
be written 


M(mMU)= 1008.54+"+ Eo, (1) 


The resulting curve indicates that closed shells occur at masses 20 
and 32. The existence of a closed shell at Ne®® has been suggested 
by Wigner, Barkas, and others, but the evidence for S* has ap- 
parently not been reported before. However, M. G. Mayer® has 
recently suggested that the experimental facts concerning shell 
structure in heavy nuclei can be explained better by jj-coupling 
than by Russell-Saunders coupling. If one assumes that the 2s 
level in nuclei lies below the 3d, then the jj-coupling theory pre- 
dicts closed shells for 10 and 16 neutrons and protons, or for Ne? 


TABLE I. Comparison of calculated and experimental mass values. 








Nucleus Experimental Calculated (corr.) 





ow 19,0093 19.0102 
O20 

F2 

Na* 

Apo 

ps 33.9826 


Cis 37.979 37.9777 
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Fic, 1. The binding energy function, —Eo—8A, plotted as a 
function of A for the na-nuclei. 
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and S®. We note that the average binding energy per particle for 
the three shells is, respectively, 8.3, 9.3, and 8.6 Mev. 

In connection with the computed mass values of Barkas,? there 
are several misprints and errors which have apparently been 
propagated widely throughout the literature. The values for O' 
and O° seem to be in error, along with the entire group of 
A=4n+2, T=2 nuclei, for which the wrong symmetry character 
was used in making the calculations. In Table I, corrected values 
are reported for these nuclei and compared with probable experi- 
mental values taken from the table of isotopes prepared by Sea- 
borg and Perlman.* The agreement is improved in every case. A 
more comprehensive study of the agreement of the Wigner theory 
with new experimental data of B-decay energies and Q-values will 
be presented by the author in the future. 

1E. P. Wigner, Phys. Rev. 51, 106, 947 (1937). 

2W. H. Barkas, Phys. Rev. 55, 691 (1939). 


3 T. Okuda and K. Ogata, Phys. Rev. 60, 690 (19 
4H. A. Bethe, Elementary Nuclear Theory pos Wiley & Sons, Inc., 
New York, 1947). 
5M. Ag Mayer, Phys. Rev. 76, 185 (1949). 
6G. T. Seaborg and I. Perlman, Rev. Mod. Phys. 20, 585 (1948). 





Angular Distribution of Annihilation Radiation 
S. DEBENEDETTI, C. E. Cowan, AND W. R. KONNEKER 


Department of Physics, Washington University,* St. Louis, Missouri 
June 15, 1949 


HILE testing with annihilation radiation a circuit selecting 

the coincident pulses from two scintillation counters, 

it was realized that the angular correlation between the two anni- 

hilation photons could easily be measured with far greater ac- 

curacy than previously reported.! As a consequence, we performed 

severa] measurements on the angular distribution of the two 

photons, using sources of Cu™ surrounded by a gold absorber in 
which the positrons were stopped. 

During the final measurements, whose results are reported in 
Fig. 1, the distance between the source and either detector was 
120 cm. The source and detectors were aligned on the same hori- 
zontal line by means of a cathetometer, which was also used to 
measure the vertical displacements of one of the detectors. The 
detectors, seen from the source, subtended a vertical angle of 
4X 10- rad, while the source, seen from the detectors, covered an 
angle about ten times smaller. 

The zero on the abscissas of Fig. 1. corresponds to the position 
where the source and the upper surfaces of the detectors were in 
the same horizontal line. The coincidence rate has a maximum for a 
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Fic, 1. Gamma-gamma-coincidences as a function of the position 
of one of the detectors, 


THE EDITOR 


negative abscissa, corresponding to the position where the line 
joining the centers of the detectors passes through the source. 
The fact that the counting rate does not vanish for positive dis- 
placements definitely indicates that the annihilation gamma-rays 
are not always emitted in exactly opposite directions. 

If one approximates with an exponential the tail of the curve 
for positive abscissas, one obtains for the average value of the 
momentum of the center of mass of the annihilating pairs ap- 
proximately 0.9X 107 in units of mc. This is remarkably close to 
the value of 0.8 10-2 obtained by Dumond, Lind, and Watson? 
from the shape of the annihilation line from a Cu absorber. 

A more detailed description of the experiment and a more com- 
plete theoretical discussion is under preparation. 

* Assisted by the joint program of the ONR and the AEC 


1R, Beringer and C. G. Montgomery, Phys. Rev. 61, 222 (1942). 
2 Dumond, Lind, and Watson, Phys. Rev. 75, 1226 (1949). 





Erratum: The Second Viscosity of Liquids 
[Phys. Rev. 75, 1415 (1949)] 


L. N. LIEBERMANN 
University of California Marine Physical Laboratory, 


San Diego, California 
HE values for n’ given in column 5 of Table I are incorrect 
and should be deleted. It was intended that this column 
be derived by multiplication of columns 3 and 4 and the correct 
values are easily obtainable in this way. 





Anomalous Adsorption of Helium at 
Liquid Helium Temperatures 


EArt A. LONG AND LOTHAR MEYER 


Institute for the Study of Metals, University of Chicago, 
Chicago, Illinois 


June 9, 1949 


URING measurements on the distribution of He® between 

gas and adsorbed film for dilute mixtures of He* and Het 
adsorbed on jeweler’s rouge (Fe2O;) in the He JJ region,! we en- 
countered equilibrium pressures markedly different from those 
previously reported.? We, therefore, made preliminary measure- 
ments of the adsorption isotherms for He‘. 

The adsorbent was 0.81 g of Fe2Os, of surface area 1.7 m?, as 
determined from a Kr isotherm at 90.2°K. 

The data are shown in Fig. 1, in which the volume adsorbed 
in S.T.P. cc is plotted against the ratio of the measured equilib- 
rium pressure P to the saturation pressure Po of the bulk liquid 
He at the measuring temperature. The dotted curve is the iso- 
therm at 2.45°K; the solid curve is for all measured temperatures 
below 7), namely, 2.11°, 1.78°, and 1.53°K.® 

The data present several unusual features: 

(1) The He JI isotherms are identical, within our error of 2 
percent between 1.53° and 2.11°K, and from 25 to 80 percent 
saturation. Consequently, the heat of vaporization of the ad- 
sorbed He in this region must equal that of the bulk liquid (see 
also Frederikse, reference 3). As the adsorbed He is in thermal 
equilibrium with vapor at P< Po, this result requires that the en- 
tropy of the adsorbed layers be higher than that of liquid He, as 
predicted several years ago by Kramers.‘ The heat of adsorption 
would have to be changed by about twice our experimental error in 
order to account for the apparent entropy difference. 
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(2) Application of the simple BET theory® shows that the 
volume adsorbed in the first layer (vm) is much larger than that 
calculated from surface areas and the liquid density, as already 
shown by Schaeffer e¢ al.6 from their data for carbon black at 
4.2°K. We find for 2m about 0.9 cc/m?, four times the value calcu- 
lated from the liquid density, and corresponding to an atomic 
spacing in solid He under several hundred atmospheres pressure. 
The data of Schweers’ at small P/P» also fit a BET plot, giving 
about the same 2 on glass and O2 below 2.5°K, and yield also the 
value of Schaeffer e¢ al. (vm=0.57 cc/m?) at the b.p. It seems, 
therefore, certain that the first adsorbed layer on most surfaces is 
highly compressed. 

Schweers’ stated result, that the adsorption energy drops by 
ca. 50 cal./mole in building up the first four layers, must now be 
re-interpreted as representing the work of compression necessary 
to complete the mono-layer.® 

(3) The He JI isotherms show anomalously high adsorption, 
starting at P/P ~0.7, and increasing enormously at high satura- 
tions. We reached the limiting value of 40 cc/m? with a distinctly 
lower equilibrium pressure than Po. This value yields a minimum 
film thickness of ~160 atomic layers, on the reasonable assump- 
tion of liquid-type spacing (4A) for all but the first few layers.® 

We consider this anomalous adsorption as due to the formation 
of the Rollin film. Previously widely differing results'® on the film 
thickness are explainable because of the extreme sensitivity of the 
film thickness to percent saturation. 

We observed some indication of slight hysteresis in desorption 
above P/Po=0.9 below 7, whereas in all other parts of the 
isotherm the equilibrium pressures were identical in adsorption 
and desorption. 

The isotherm at 2.45°K yields a 1m=0.9 cc/m?, the same as 
below 7,, but shows distinctly smaller adsorption above P/Po 
~0.20, reaching saturation with ~30 layers adsorbed. 

The two methods proposed by Harkins and Jura” for plotting 
adsorption data (logP/Po vs. 1/v*, and the “film pressure” 7 vs. 
the area o available per atom adsorbed) show a distinct break at 
P/Po~0.7, in a manner which in their treatment would indicate a 
two-dimensional second-order transition. This, along with the 
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disappearance of the effects above 7, suggests that the phenom- 
enon is cooperative, and of the same character as the )-point in 
bulk liquid He. 

We plan to investigate in more detail the anomalous density 
of the first adsorbed layers, the “transition” at P/Po~0.7 with 
the resulting high adsorption, and the entropy of the system as a 
function of the number of adsorbed layers. 


1 Measurements made in collaboration with Professor A. O. C. Nier and 
Mr. B. B. McInteer, Department of Physics, University of Minnesota. 

2 J. Kistemaker, Leiden Comm. No. 271-b. 

3 The He JI results are in good agreement with unpublished data of H. P. 
R. Frederikse, Leiden, who kindly sent us his data on the isotherms between 
1.39° and 1.99°K, up to 85 percent saturation. We are indebted to him for 
these data, and for the manuscript of his communication to Physica on the 
specific heat of adsorbed He on Fe2Os, prior to publication. 

4H. A. Kramers, personal communication to L. M. 

5 Brunauer, Emmett, and Teller, J. Am. Chem. Soc. 60, 309 (1938). 

6 Schaeffer, Smith, and Wendell, J. Am. Chem. Soc. 71, 863 (1949). 

7 J. Schweers, Thesis, Leiden, 1941. 

8 Suggested by W. Band. 

_ *Kistemaker’s statement that the number of adsorbed layers does not 
increase over ~30 layers, above P/Po~0.9, is due to his method of evalua- 
tion, only valid below P/Po~0.8, as it assumes the number of adsorbed 
layers to be equal in the two adsorption bulbs he compares. His original 
data show the effect we observed. 

10 See W. H. Keesom, Helium, Elsevier Publishing Company, Inc., New 
York, 1942) pp. 292-308, 

11 See Geo. Jura and W. D. Harkins, J. Am. Chem. Soc. 68, 1941 (1946). 





Anomalous Adsorption of Helium at Liquid 
Helium Temperatures 


WILLIAM BAND 


Institute for the Study of Metals, University of Chicago, 
icago, Illinois 


June 13, 1949 


HE results reported recently' under the above title by Ear] 
A. Long and Lothar Meyer raise the following question: 
The “Brunauer-Emmett-Teller” theory? assumes that the satura- 
tion number of atoms in each monolayer is a constant and should 
be roughly equal to the number to be expected from the inter- 
atomic spacing in the liquid phase. However, by applying the 
B.E.T. isotherm to their observed adsorption for helium, Long 
and Meyer find that in the neighborhood of the lambda-tempera- 
ture the saturation number in the first monolayer is about four 
times that expected from the liquid density. Schaeffer et al.* 
similarly found about twice the expected number at the boiling 
point temperature. Can these results be considered real, or are 
they simply an indication that the B.E.T. theory breaks down 
completely? 

The density of liquid helium is unusually low at these tempera- 
tures because of the zero point energy, and it is, therefore, physi- 
cally reasonable to suppose that the potential energy of adsorp- 
tion can compress the first, and perhaps partly also the second 
monolayer to be adsorbed. Moreover the measurements by Fred- 
erickse‘ on the specific heat of an amount of adsorbed helium that 
corresponds to the first (compressed) monolayer, are actually 
consistent with that of a two-dimensional Debye solid with a 
characteristic temperature of about 18°K. It is, therefore, reason- 
able to consider the film at low pressures as immobilized, and to 
apply the following generalization of the B.E.T. theory: Let the 
number of sites available to the second monolayer be only some 
fraction a of the number of atoms adsorbed in the first mono- 
layer, the number of sites available to the third monolayer be 
another fraction a2 of the number of atoms adsorbed in the second 
layer, and so on. This problem can be solved by the methods intro- 
duced by T. L. Hill.§ In the simplest case where only one anoma- 
lous monolayer is present, i.e., a1<1, while a: etc. are all=1, the 
resulting adsorption isotherm is a simple generalization of the 
B.E.T. equation. 


(Vi/V) {x/(1—x)} = {x+6i(1—x)}/{1—x(1—a)}, (1) 
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where x=P/P, is the ratio between the gas pressure and the 
saturated vapor pressure, V is the volume (at STP) of gas ad- 
sorbed, V; is the volume of gas that would just fill the first mono- 
layer at its saturation density, ai V, is the saturation volume for 
the second monolayer and must equal the value calculated from 
the normal liquid spacing, §; is the usual function of the heat of 
adsorption of the 1st monolayer e, and the heat of evapora- 
tion —ez, 
Bi=exp{—(e:—ex)/kT}. 


If x is sufficiently small compared with unity (1) reduces to the 
following first approximation, 


(Vi/V) {x/(1—x) } =B1+«(1+61—2a:8;). (2) 


In practice 8; is of the order 0.005, so that (2) is practically 
identical in form with the ordinary B.E.T. isotherm, but leaves 
V; free to be greater than the value given by the liquid density. 

By admitting two anomalous monolayers, the isotherm becomes 
much more complicated, but it remains true that at small x it 
reduces practically to the same form (2). It may, therefore, be 
concluded that the anomalously high values of V; yielded by the 
ordinary B.E.T. plot are real, and indicate only that the B.E.T. 
theory requires generalization in the above manner. 

The additional parameters present with two anomalous mono- 
layers allow a much better fit between theory and observation in 
the case of the isotherms above the lambda-point, but do not 
reduce the discrepancy below 7, where the adsorption is already 
measurably greater than the maximum theoretical value at 20 
percent saturation, or about four monolayers. A rough estimate 
of the order of magnitude of the cooperative energy ¢- required to 
account for this excess adsorption can be obtained as follows. If 
an attraction is included in the partition function of the assembly 
by means of a simple Boltzman factor for each monolayer, the 
adsorption isotherm is found to be the same as before, but on an 
x-scale reduced in the ratio e‘e/*?, Such an isotherm would give 
formally an infinite adsorption at a pressure actually less than 
saturation, and if the cooperative energy is chosen about 0.07 cal. 
per mole it fits the data below T) at least as well as the corre- 
sponding isotherm (without the cooperative factor) fits the data 
above 7}. 

It is proposed to develop the above theory for isotopic mixtures, 
and details will be published later. 

1E, A. Long and L. Meyer, Phys. Rev., preceding letter. 

2S. Brunauer, The Absorption of Gases and Vapors (Princeton University 
Press, Princeton, New Jersey, 1943). 

3 Schaeffer, Smith, and Wendell, J. Am. Chem. Soc. 71, 863 (1949). 


4 See footnote 3 in reference 1 above 
5 T. L. Hill, J. Chem. Phys. 4, 263 (1946); 4, 268 (1946); 15, 767 (1947). 





Neutron Irradiated Semiconductors 
W. E. JoHNsSON* AND K. LarxK-Horovitz** 


Oak Ridge National Laboratory, Oak Ridge, Tennessee 
June 13, 1949 


ERMANIUM semiconductors after bombardment with 
deuterons or alpha-particles show! permanent changes in 
their electrical properties: the resistivity of P-type germanium 
decreases, indicating the production of acceptors? due to the bom- 
bardment, and N-type germanium becomes converted to P-type. 
The original state can be reproduced by heat treatment, indicating 
that the observed effects are not due to transmutations, but 
primarily due to lattice displacements, creating vacancies and 
interstitial atoms. If this explanation is correct, it is expected to 
find similar changes due to neutron bombardment. 

Various samples of Ge semiconductors, with known impurity 
type and content? were exposed in the Oak Ridge reactor and the 
conductivity was measured during exposure as a function of irradi- 
ation: P-type samples show an increase in conductivity, as ex- 
pected from the results of cyclotron irradiation (Fig. 12). 
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N-type material shows a decrease in conductivity which reaches 
a minimum, and then increases steadily with continuing bombard- 
ment (Fig. 1b). Hall effect measurements? after bombardment 
indicate that the material has been converted to P-type. These 
experiments indicate also that neutron bombardment produces 
acceptors, creating additional holes; thus the conductivity of 
P-type material increases whereas the conductivity of N-type 
material first decreases, as electrons are removed from the conduc- 
tion band, but increases again as hole conduction becomes 
prominent. 

Exposure of germanium point contact rectifiers of the 1N34 and 
1N38 type shows’ that at 3 volt forward bias, where spreading 
resistance is primarily responsible for the resistance measured, the 
behavior is the same as the one observed for bulk resistivity 
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Fic. 1. Curve a: conductance of high resistance P-type germanium as a 


function of the time of irradiation. Curve b: conductance of N-type ger- 
manium as a function of time of irradiation. 
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Fic, 2. Resistivity behavior in the forward and backward direction of a 
contact rectifier as a function of the time of irradiation. 
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(Fig. 2a). At forward bias of less than 0.18V and for bias in the 
back direction the resistance is determined primarily by the barrier 
resistance of the rectifier and since this barrier in an N-type recti- 
fier is transparent for holes a decrease of resistance is expected 
and is actually observed (Fig. 2). 

The rectifier shows after prolonged irradiation ohmic behavior, 
but when reassembled with an aluminum point shows the behavior 
of a P-type rectifier. 

When exposed in cadmium shields, the samples reach the point 
of minimum conductance at larger nvt values than in a graphite 
torpedo. Heat treatment reproduces the original behavior ob- 
served before neutron irradiation as in the case of deuteron and 
alpha-bombardment. é 

Silicon samples both N- and P-type show an increase in re- 
sistivity in a similar way, as has been observed with deuteron 
bombarded silicon samples. Heat treatment restores the original 
resistivity values; it also shows that deep lying traps of about 
0.5 ev above the full band are produced, removing electrons and 
holes, thus producing poorly conducting material. 

Preliminary experiments on Si-rectifiers (IN 21) CuO semi- 
conductors in bulk and rectifiers, Se bulk material and rectifiers, 
all show a behavior similar to the one observed for silicon samples 
discussed above. 

* Now at Atomic Power Division, Westinghouse Electric Corporation. 

** Purdue University; Consultant O.R.N.L. 

1 Lark-Horovitz, Bleuler, Davis, and Tendam, Phys. Rev. 73, 1256 
We are indebted to members of the Purdue Semiconductor Laboratory: 
V. Bottom, J. W. Cleland, R. E. Davis, and J. C. Thornhill, for the prepara- 
ae lg samples and the Hall -effect measurements before and after 


3 Davis, Johnson, Lark-Horovitz, and Siegel, Phys. Rev. 74, 1255 (1948); 
AECD 2054 (1948). 





Nuclear Magnetic Moments from Microwave 
Spectra: I'” and I!” 


WALTER GorRDY AND O. R. GILLIAM 
Department of Physics, Duke University,* Durham, North Carolina 


AND 


RALPH LIVINGSTON 
Oak Ridge National Laboratory,** Oak Ridge, Tennessee 
June 14, 1949 


HE effects of a magnetic field on the hyperfine structure of 
the J=2-—>3 transition of CH;I'?’ and CH;I"® have been 
studied. The Zeeman components of several F transitions of these 
molecules were completely or partially resolved. Observations 
were made with a coiled wave guide cell in such a way that the 
magnetic field was parallel to the E vector of the radiation. This 
allowed detection of the » components, AMr=0 transitions, 
without complications from the s components, AMr= +1 transi- 
tions. The field strengths used in the study ranged from 1160 
gauss to 3700 gauss. 

The nuclear magnetic moment of I?’ has already been de- 
termined by Pound,! using the nuclear resonance method, to a 
greater accuracy than can be reached by the present method. The 
remeasurement of this moment, however, helps to evaluate the 
accuracy obtainable with the microwave method. In Table I are 
listed the results obtained on different CH;I®’ transitions. The 
average value for u(I'2”) from these data is 2.792, which, when 
corrected for diamagnetic effects? of the extranuclear electrons of 
the iodine, is 2.810. The mean deviation from this value is 0.062, 
or 2.2 percent. The value obtained by Pound is 2.8122+0.003. 

In Table I are also given results on two transitions of CH;I”°, 
one of which is shown in Fig. 1. When diamagnetic corrections are 
made, our preliminary values*** for the I'*° nuclear g-factor and 
magnetic moment are 0.783 and 2.74, respectively. We believe 
these to be accurate to about five percent. The major factor 


THE EDITOR 443 


TABLE I. Nuclear magnetic moments as calculated from several 
observed Zeeman effects in the CHsI spectrum, J =2-3. 








7 
nuclear 
magnetons 


F H 
transition 


1/2-41/2 
1/2--1/2 


Separation 
gauss Mc 


1160 4.07 
2320 7.70 
3010 10.17 
3010 10.47 
3180 10.64 
2600 5.22» 
2600 5.195 
3000 4.28¢ 





CH OnR COO! ® 


§/2-5/2 
Average 


2.25¢ 
2.64¢ 


9/2-9/2 
7/2-7/2 


Average 








® These values are not corrected for diamagnetic effects. 

b These separations represent the total spacing of the multiplet. 
( e haga pene are for peaks containing unresolved components 
see Fig. 1). 


limiting the accuracy is the incomplete resolution of the transi- 
tions used. Small errors may also arise from the measurement of 
the strength of the magnetic field. The 3/2—1/2 transition, since 
it splits into a wide doublet, should be more favorable for these 
determinations. Unfortunately, this line, though detectable, was 
too weak to be measured when split by the magnetic field. We 
hope, with later improvements of the spectrometer, to measure 
the magnetic moment of I'®° to an accuracy of one percent. 

So far as we know, this is the first determination of an unknown 
nuclear magnetic moment with the microwave method.**** This 
method, though not so precise as the molecular beam method or 
the nuclear resonance method, is particularly well suited to the 
study of rare or radioactive nuclei. Less than 10-° g of I'** was 
needed for each series of measurements. Previously, the Zeeman 
effect on the microwave spectrum of ammonia has been observed 
by Coles and Good? and by Jen.‘ The latter observer also studied 
the Zeeman effect in methyl chloride.‘ 

The theory used for the Zeeman effect of the hyperfine structure 
is that developed for atomic spectra by Back and Goudsmit§ and 
previously applied to molecular spectra by Jen.‘ In the present 
work, the effects caused by the molecular magnetic moment were 
considered to be negligible. The theory fits all observations satis- 
factorily except those for the F=5/2—>7/2 transitions of CH;I'’. 
Here, an anomaly was detected which appears to result from a 
breaking down of the nuclear quadrupole coupling by the applied 
magnetic field.f This is being studied further. 

The magnetic moment of I'®° with the previously measured spin® 
of 7/2 allows an assignment of the state of the last proton in the 
T29 nucleus as 5g, according to the Nordheim’ scheme. The mag- 
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Fic. 1. Zeeman splitting of the hyperfine structure of the J =2-43 transi- 
tion of CHsI!2®, F =9/2--9/2. AMr =0. Separation of the observed peaks 
is 2.25 mc/sec. H =3700 gauss. Bars represent calculated lines; curve 
represents the observed spectrum. 
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netic moment of 2.74 and the spin of 7/2, with the theory of 
Inglis,* indicate that the orbital and spin vectors of the odd proton 
in the nucleus are opposed, J=/—4. Thus, the nuclear orbital 


momentum, /, equals four. 
We wish to acknowledge the help of Mr. George Parker and 


Mr. Gordon Hebert, of the Chemistry Division, Oak Ridge 
National Laboratory, who isolated the I from fission material. 


* The work at this institution was supported by Contract No. W-19-122- 
ac-35 with the U. S. Air Forces, Cambridge Field Station. 

** The work at Oak Ridge National Laboratory was performed under 
Contract No. W-7405, eng 26 for the Atomic Energy Project. 

*** The sign of the magnetic moment is not obtained directly from the 
experiment because the Zeeman patterns are symmetrical. However, since 
the I!2® nucleus has an odd number of protons and an even number of 
neutrons, a positive sign for u is reasonable in view of the large spin value 
and the large magnitude of u. 

*ee* After this note was written, Dr. C. K. Jen informed us by private 
communication that he has measured the nuclear magnetic moment of S** 
with the microwave method. 

t This effect is analogous to the Paschen-Back effect in atomic fine 
structure and to the Back-Goudsmit effect in atomic hyperfine structure. 

1R, V. Pound, Phys. Rev. 73, 1112 (1948). 

2W. E. Lamb, Jr., Phys. Rev. 60, 817 (1941); J. B. M. Kellogg and S. 
Millman, Rev. Mod. Phys. 18, 342 (1946). 

3D. K. Coles and W. E. Good, Phys. Rev. 70, 979 (1946). 

4C. K. Jen, Phys. Rev. 74, 1396 (1948). 

5 E. Back and S. A. Goudsmit, Zeits. f. Physik 47, 174 (1928). 

6 Livingston, Gilliam; and Gordy, Phys. Rev. 76, 149 (1949). 

7L. W. Nordheim, Phys. Rev. 75, 1297 (1949). 

8D. R. Inglis, Phys. Rev. 53, 470 (1938). 





Latitude Dependence at 30,000 Feet of 
Penetrating Particles Slowed Down 
After Traversing 15 cm of Lead* 
MARCELLO CONVERSI*¥* 


Institute for Nuclear Studies, University of Chicago, Chicago, Illinois 
June 20, 1949 


N two recent B-29 expeditions from China Lake (California) to 
Lima, Peru, and to Fairbanks, Alaska, experiments have been 
carried out to investigate the composition of ionizing cosmic rays 
slowed down after traversing a certain thickness of lead. Mesons 
were separated from other ionizing particles with the counter 
arrangement sketched in the left side of Fig. 1. Counters Ai, A 
(Az being two counters in parallel), and A; were in coincidence 
with counters B; plus Bz (two in parallel), Bz and Bz plus B;, 
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Fic. 1. Left side: cross-sectional view of the counters display. Right side: 
latitude dependence at 30,000 feet: a, of mesons; b, of anticoincidences; c, 
of anticoincidences corrected for the contribution of mesons (protons?). 
A discussion of the errors of the points representing the latitude ratio I/Io 
of the anticoincidences will be given elsewhere. 


LETTERS TO 





THE EDITOR 






Tanz I. Results of measurements of delayed coincidences with graphite absorber 
oe ear latitudes. Mesons pie belong to the momentum range 
to ev/C, 














Average geomagnetic 9.0°N 28.5° 35.5° 40.0° 42.0° 59.0° 
latitude (North) 

Duration of observa- (At) 350 298 220 290 142 220 
tion (minutes) 

Delayed coincidences 1.14 to 27.5 32.0 38.5 42.8 . 50.7 
per hour due to me- 3.94 usec. +2.4 +3.2 +35 +4.5 +5.0 
sons disintegrating 
in the time interval 2.12 to 17.4 17.6 26.6 28.1 24.2 33.3 

4.92 usec. 1.7 +19 42.7 424 233.2 +3.0 
3.10 to 10.4 11.6 ° 17.2 16.1 18.3 
5.90 usec. $1.3 +1.5 +19 225 +2.2 
4.08 to 6.5 6.45 ° 11.6 10.5 13.4 
6.88 usec. +1.05 +1.25 +1.55 +421 +1.9 

Extrapolated delayed’ (N) 46.5 5 72.0 76.9 73.2 89.1 
coincid. per hour 42.7 +44- +60 +45 +86 +5.2 

Latitude ratio (I/To) 1.00 1.14 1.55 1.65 1.57 1.91 

+0.06 +0.095 +0.13 +0.095 +0.185 +0.11 
* Not recorded. 


respectively. All these double coincidences, added by means of a 
mixer, will be indicated as (AB). A 10-cm thick block of graphite 
surrounded by a group of counters, C, was placed below counters B 
and used as an absorber for the particles coming within the solid 
angle corresponding to the coincidences (AB). Counters C covered 
this solid angle. They were at the same time in “delayed coin- 
cidence” and in “‘anticoincidence” with respect to the coincidences 
(AB), while counters D were only used as additional anticoin- 
cidence counters. The delayed coincidences were registered by 
four “channels” of the same “time width” A@ (2.8 yusec.), so that 
four points of the decay curve of mesons slowed down in the ab- 
sorber were obtained simultaneously. The minimum delay for 
which a delayed coincidence was registered in the first channel 
was 1.14 usec. The time distance between each channel and the 
next one was 0.98 usec. For the apparatus employed, spurious 
delayed coincidences could practically occur only for random 
events in which an anticoincidence (AB—C) was followed after a 
short time by a single discharge (C) of counters C.*** Examples of 
decay curves obtained at altitude have been shown in a previous 
paper.! 

By extrapolation of the decay curve to the zero time, one ob- 
tains the number, N, of mesons stopped per unit time in the ab- 
sorber and which disintegrate between 0 and A@ into electrons 
striking counters C. If p is the average value of the probability for 
the decay electrons of mesons, stopped in the absorber, to strike 
counters C, the number, M, of mesons stopped in the absorber 
after traversing the counter telescope is 


M=N/p(1—exp(—Aé/z)). (1) 


Events were registered as anticoincidences when no anticoin- 
cidence counter fired within 1.1 psec. before or 7.8 usec. after the 
arrival of a particle producing a coincidence (AB). Since the 
probability for an ordinary meson to disintegrate more than 7.8 
usec. after it has been stopped is less than 3 percent, the intensity, 
Ia, of the ‘true anticoincidences” (difference between the anti- 
coincidences registered with and without absorber) is 


I= (1—p)M+X, (2) 


where X represents the contribution due to particles which did not 
give rise, within 7.8 usec. after they had been stopped in the ab- 
sorber, to emission of secondary ionizing particles striking 
counters C. 

In order to obtain the value of , measurements with and with- 
out graphite absorber have been performed in Chicago, before and 
after the flights, with supplementary 5 cm and 20 cm of lead 
above counters A. From the results of these measurements the 
same value, 0.290.015, is obtained in both cases for ~, through 
Eqs. (1) and (2), if X is assumed to be negligible in these condi- 
tions. 





Oo@ee@ 4 «3 sw oe. 





eS AS 


Cem wwe SO O13 


com 2S oO BG ff 


mt be 
a 


LETTERS TO 


The results concerning the latitude dependence of the delayed 
coincidences registered at 30,000 feet with absorber are sum- 
marized in Table I. The last line of the table contains the ratio 
(“latitude ratio,” I/Io) between the value of N obtained at each 
latitude and near the equator (9° North). Curve a in Fig. 1 
represents these data. The results concerning the anticoincidences 
are graphically represented in the same way (namely, as latitude 
ratio I/I) by the points of curve b, curve c, which represents the 
latitude dependence of the X component, is obtained, through 
Eqs. (1) and (2), from the other two curves. If the X particles 
were protons, they should have a momentum of about 1 Bev/c 
to penetrate the 15 cm Pb interposed between counters A and B. 
A latitude ratio of 2.8 between the highest latitude and the equator 
for protons of such a momentum seems to be reasonable if com- 
pared with the latitude dependence recently observed for “stars”? 
and for small “bursts.” Further arguments which support the 
view that the X component is made up essentially of protons 
will be given in a future paper. 

* Supported by the joint program of the ONR and the AEC. 

** On leave from the University of Rome, Italy. 

*#* A small correction for the spurious delayed coincidences produced in 
the first channel by the spontaneous lags of counters C has been introduced 
on the basis of measurements taken in flight without absorber. A detailed 


account of all corrections introduced will be given in a complete report of 
this research. 

1M. Conversi, Phys. Rev. 76, 311 (1949). 

2 Lord, Schein, and Vidale, Phys. Rev. 76, 171 (1949). 

3 J. A. Simpson, private communication. 





Electron Gun Emission and X-Ray Output 
for Three Betatrons 


W. F. WESTENDORP AND F. R. ELDER 
General Electric Research Laboratory, Schenectady, New York 
June 9, 1949 


N a recent publication’ a new theory was presented for the 
process of capture of electrons in the betatron. In an attempt 
to check this theory, measurements were made on three different 
betatrons of x-ray output versus electron emission from the gun. 
The results are interesting because of the great differences between 
curves plotted for different machines and because of the change 
of the shape of the curves with gun voltage. In one respect all 
the curves confirm qualitatively an important point of the theory 
namely for the greater portion of the curves the x-ray output 
varies as the gun electron emission current to a power larger than 
one. 

All x-ray measurements were referred to Victoreen thimbles in 
one-eighth inch lead jackets and special checks were made on the 
location of the x-ray beam by means of films at different distances 
in order to exclude errors from stray electrons. The direct readings 
were taken on x-ray ionization chamber monitors calibrated with 
the Victoreen instrument. 

In all three machines the magnetic field varies inversely pro- 
portional to the three-quarters power of the radius over most of the 
region between gun and target. 

The curves shown at the left in Fig. 1 were taken on the 100- 
Mev betatron? which operates at 60 cycles per-second and has a 
pumped vacuum tube. The orbit diameter is 66 inches, the free 
vacuum space is 3.4 inches high by 4.6 inches wide, corresponding 
respectively to relative apertures of 0.052 and 0.07. An improved 
electron gun with a barium aluminate cathode was used. During 
its long life of more than one thousand hours the x-ray output had 
dropped from 2300 roentgens per minute at 1 meter to the present 
figures principally on account of reduced spark over potential. 
The voltage pulse is a half-sine wave of 10 microsecond duration. 

The curves in the middle of Fig. 1 were taken on the 50-Mev 
biased betatron® operating at 180 cycles per second with a sealed 
off vacuum tube. The orbit diameter is 23 inches, the free vacuum 
space is 1.63 in.X2.21 in. corresponding to relative apertures of 
0.071 and 0.096 respectively. The gun has an improved. focusing 
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Fic. 1. Logarithmic plot of x-ray output versus electron gun emission 


for a 100-Mev, a 50-Mev and a 10-Mev betatron, at different gun voltages 
ranging from 20 to 50 kilovolts. 


cup with a conventional coiled tungsten filament and a fourth 
electrode of adjustable potential which permits directional adjust- 
ment of the beam. The voltage pulse wave form is very nearly a 
half-sine wave of 5 microsecond base width. 

On the right in Fig. 1 are shown the data obtained with an 
industrial 10-Mev betatron operating at 1920 cycles per second. 
The orbit diameter is 10.5 in.; the free vacuum space is 1.7 in. 
X2.33 in. with consequent relative apertures of 0.16 and 0.22. 
The tube is sealed off and has an electron gun like the one in the 
50-Mev biased betatron. The gun voltage pulse has a waveform 
with a base of 6 microseconds and a flat top of 2 microseconds. 

The steepest slopes of the curves as drawn are in descending 
order of gun voltage for the 100-Mev machine 1.6 and 1.45, for 
the 50-Mev machine 5.7, 5.0, and 4.3, and for the 10-Mev ma- 
chine 1.7, 1.1, and 1.2. For all three machines the maximum x-ray 
output obtainable with excess emission available at a given gun 
voltage varies very nearly as the 1.25 power of the gun voltage. 

1D. W. Kerst, Phys. Rev. 74, 503 (1948). 

2 W. F. Westendorp and E. E. Charlton, J. App. Phys. 16, 581 (1945). 


(oan F. Westendorp, J. App. Phys. 16, 657 (1945); Phys. Rev. 71, 271 





The Superconducting Torus 


R. L. DOLECEK AND JULES DE LAUNAY 
Naval Research Laboratory, Washington, D. C. 
June 10, 1949 


RECENT exact solution of the electrodynamic behavior of a 

superconducting torus by one of the authors,! presents the 
opportunity of discussing the effect of changes in torus dimensions 
on the hysteresis loop obtained by magnetic cycling. 

Figure 1 is the hysteresis loop to be expected for a superconduct- 
ing torus with s, the ratio of mean radius of toroidal ring to radius 
of toroidal wire, equal to four. Shoenberg? in studying the proper- 
ties of a superconducting torus used a torus for which s=4. Within 
experimental error his results are in agreement with Fig. 1. 
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Fic. 1. Behavior of a torus (s=4) in a magnetic cycle. The symbols used 
are: M, magnetic moment; R, mean radius of ring; He, critical magnetic 
field; H, applied field. 


Experiments with tori for which the geometrical factor s ranged 
in value from 6 to 33 have been conducted by McLennan é al.,? 
Schubnikow and Chotkewitsch, and Grassmann and Eicke.® Their 
experimental data are in reasonable agreement with the theoretical 
formulas.! Thus it is felt that the interpretation of the hysteresis 
loop as outlined by Shoenberg’ is essentially correct. 

All investigations to date have been performed using tori for 
which s is relatively large. Of interest is the departures to be ex- 
pected for the case of thick tori. Figure 2 is the hysteresis loop 
expected to be obtained upon the magnetic cycling of a super- 
conducting torus for which s= 1.4. Of immediate note are: (1) The 
increase in the value of H/H, for the point C at which the torus, 
in increasing field, enters the intermediate state. The usually 
quoted value of H/H,.=} for the point C is correct only for very 
large values of s. (2) The large increase in current change occurring 
(C to E) when the torus passes from the superconducting state to 
the intermediate state. (3) The large decrease in H/H. (E to D) 
for which the torus again becomes superconducting in decreasing 
field. 

These features suggest that tori having small values of s 
should be used when it is wished to study the intermediate state. 
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Fic. 2. Behavior of a torus (s =1.4) in a magnetic cycle. The symbols 
used have the same meaning as in Fig. 1. 
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On the other hand, tori of large s are more suitable for the de- 
termination of critica] fields with minimum complication by the 
intermediate state. Along lines OA and KC, the material is com- 
pletely superconducting® and since theoretically, the value of 
H/H, at the point A is specified in terms of the geometry of the 
torus, a determination of the intersection point A would serve for 
the accurate determination of the critical field. 
















1J. de Launay, Electrodynamics of a Superconducting Torus, Naval 
Research Laboratory Technical Report No. P-3441, May 1949, 

2D. Shoenberg, Proc. Roy. Soc. 155, 712 (1936). 

3 McLennan, Allen, and Wilhelm, Phil. Mag. 14, 168 (1932). 

4L. W. Schubnikow and W. I. Chotkewitsch, Phys. Zeits. Sow. Union 
10, 231 (1936). 

5 P, Grassmann and H. Ejicke, Phys. Zeits. 38, 429 (1937). 

6 D. Shoenberg, Superconductivity (Cambridge University Press, London, 
1938), Chapter IV. 
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An Observation of Non-Rayleigh Scattering of the 
Infra-Red Solar Spectrum by the 
Earth’s Atmosphere 
ARTHUR ADEL 


Arizona State College, Flagstaff, Arizona 
June 13, 1949 
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HILE engaged in the measurement of 10-micron ozono- 

sphere radiation at Holloman Air Force Base, Alamo- 
gordo, New Mexico, in the spring of 1948,! the author chanced to 
observe the intense, scattered infra-red solar spectrum coming 
from the sky in the neighborhood of the sun. 

It appears worthwhile to call attention to these observations 
because the relative intensities depart strikingly from the Ray- 
leigh distribution. 

Figure 1 compares a series of five consecutive observations of 
the sky-scattered, .rock salt prismatic solar spectrum (S1, S2, 53, 
S54, S5), from 1 to 4 microns, with the spectrum of direct sunlight 
(DO) over the same wave-length interval.? The direct and the 
scattered spectra alike were recorded with a Perkin-Elmer spec- 
trometer set at slit width } mm. Further, they constitute a related 
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Fic, 1. Comparison of the near infra-red solar and sky spectra. 
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series. The direct solar spectrum was recorded at 1332 hours, 
M.S.T., April 12, 1948, following which the coelostat was halted 
and the solar image was allowed to drift off the slit. With the 


solar image safely out of the way, the sky-scatter series was begun, 


and the observations were made at the following times, M.S.T.: 


51-1347 hours 
S2-1351 
S3-1355 
S4-1359 
S5-1403 


Thus, the portions of the sky observed were, respectively, 4, 5, 6, 
7, and 8 degrees removed from the sun. 

It will be clear from a cursory inspection of the comparison 
that the sky-scattered spectrum, although relatively poorer than 
the direct spectrum in the longer wave-lengths, is by no means as 
much poorer as might be expected. The comparison suggests the 
inverse first power for these particular observations rather than 
the inverse fourth. 

1 Arthur Adel, Phys. Rev. 75, 133 (1949). 

2 The relative intensities of the direct solar radiation and the sky- 
scattered radiation are separated by a factor of many hundreds. We are 
concerned, however, with the relative intensities within the sky-scattered 
spectrum itself as compared with the relative intensities within the direct 
solar spectrum. 





Large Cosmic Stars in Electron 
Sensitive Emulsions 


E. Pickup AND L. Voyvopic 
Physics Division, National Research Council, Ottawa, Canada 
June 10, 1949 


N examining some Ilford G5 emulsions, flown for 185 hours at an 


average height of 14,000 feet, examples of u-meson decay were 
observed, showing that the emulsion was sensitive to minimum 
ionization. It is also apparent that many of the stars show tracks 
which could not have been detected with the C2 emulsion”pre- 
viously used. 

It is the purpose of this note. to discuss some interesting large 
stars we have found. One case is that of a 31-pronged star con- 
taining a downward cone of at least 4 light tracks.' A mosaic of 
photomicrographs of this event is shown in Fig. 1, which also 
includes mosaics of a u-meson decay, a section of a star-producing 
meson, 2000 microns from the end of its range (energy about 9 
Mev) which could only have been detected under good conditions 
in C2 emulsions.? This latter may be compared with the star frag- 
ments thus indicating the extra tracks visible in the new emulsion. 
There are 7 light tracks, including the cone, and at least 4 others, 
which may not have been recorded on C2 emulsions. 

The downward cone’ is extremely interesting. Two tracks leave 
the emulsion very soon as indicated on the mosaic, but two con- 
tinue at a small angle (0.64°) without being scattered, until one 
emerges after 3000 microns, the other after 8000 microns. The 
ionization is sensibly the same along these tracks and is 25+2 
grains/100 microns. 

The grain density along random straight, thin tracks traversing 
this and other plates of the same batch varied between 21 and 25 
grains/100 microns for different tracks. The correction for back- 
ground grains for these minimum ionization tracks was 3 grains/ 
100 microns. There appears to be no evidence for a systematic 
variation of grain density with depth in the emulsion.‘ In general, 
the characteristics of the Ilford G5 emulsions appear to be very 
similar to the Kodak NT4 as reported by the Bristol Group,’ 
showing approximately the same grain density along the minimum 
ionization tracks and analogous grain density versus range curves 
for mesons. Thus the grain density of the long star tracks may be 
assumed to be very nearly minimum. 

It seems unlikely that the particles can be electrons, and the 
only alternative would be protons or mesons. If they are protons 
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Fic. 1. Mosaics of photomicrographs showing events in Ilford G5 emul- 
sions. A: 31-pronged star with downward cone of light tracks. Selected 
sections of two long tracks are shown, the tracks at 2500 microns being 
relatively, correctly spaced. Arrows indicate some other light tracks. B: 
u-meson electron decay. C: section showing grain density of 9-Mev x-meson. 
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they would have to be extremely energetic and this again appears 
unlikely, although it cannot definitely be ruled out yet. The most 
probable hypothesis would seem to be that of multiple meson 
production in the nuclear break-up. It is possible that a light track 
almost vertical in the mosaic from the star is the incoming primary. 
An incident proton with sufficient energy to produce this star, 
would leave such a track. Some of the light tracks projected in 
other directions may also be mesons. 

We have, however, observed other large stars, including a 30- 
pronged one, not showing such a pronounced downward cone as 
above although they do contain lightly ionizing tracks. 

If the above hypothesis is correct, it is apparent that some of 
the stars are very similar to those found in cloud chambers, which 
show associated penetrating particles. It is hoped that further 
work will give more definite evidence concerning the identity of 
the lightly ionizing particles. 

We are greatly indebted to the Trans-Canada Airlines, who 
carried the emulsions for us on their transatlantic service. 

1 The presence of cones in stars in Kodak NT4 emulsions was mentioned 
recently by Brown et al., Nature 163, 47, 82 (1949). We have also just noted 
the results of J. Hornbostel and E. Salant, Bull. Am. Phys. Soc. 24, No. 5, 
25 (1949), who observe these cones in stars at 93,000 feet in Eastman 
NTB3 emulsions. 

2 All these events were found in the same batch of emulsions, although 
not in the same plate. 

3 The cone is downward on the assumption that the star was formed whilst 
the — was in level flight. The approximate zenithal direction is marked 
on Fig. 1. 

4The emulsion thicknesses used were 100u and 200u. They were all 
developed by the temperature method. 

5 See, for example, C. Y. Chao, Phys. Rev. 75, 581 (1949). 





Binding Energies of Alpha-Particles in 
Medium-Heavy Nuclides* 


TRUMAN P. KoHMAN** 


Metallurgical Laboratory*** and Institute for Nuclear Studies, 
The University of Chicago, Chicago, Illinois 


June 16, 1949 


HE question of the a-stability of the elements below bismuth 

has been considered on several occasions in the past,! with 

the conclusion that the elements beyond the middle of the periodic 

system are on the average energetically unstable toward a-emis- 

sion, but not sufficiently so to give detectable radioactivity. 

Fluctuations about this average behavior result in the a-lability 

of one or more isotopes of samarium and possibly a few other 

“‘missing”’ B-stable nuclides.? 

Estimates of individual a-particle binding-energies can be 

obtained from the “empirical”’ atomic mass equation of Bohr and 
Wheeler.’ This can be written: 


M(A, Z)=A+Da+43Ba(Z—Za)*+}éx or 0, 


Da being the mean mass defect corresponding to mass number A 
and atomic number Za, and the other terms having their usual 
significance.* Assuming Ba=Ba_, and 64=64-4, the energy Qa 
released by a-disintegration is given by: 


Qa(A, Z)=AsDa—Dre—$B.a(2—AsZa)?+Ba(2—AiZa)(Z—Za), 


where A.Da=Da—Da-., etc., and Dae=mass defect of Het 
(3.61 Mev). In a region where Z4 and Dag vary linearly with A, 
the last term can be replaced by —Bs4AiZa(2—A.Za)(A—Az), 
where Az is the value of A (not necessarily integral) corresponding 
to maximum #-stability for the element of atomic number Z. 
The approximately linear variation of a-disintegration energy 
with Z among isobars and with A among isotopes is responsible 
for many of the observed regularities among the known a-emitters,® 
and is illustrated in Fig. 1 by the plotted a-disintegration energies 
of Th and U. 


LETTERS TO THE EDITOR 









! | | 
SLOPE OF MASS -DEFECT CURVE 


























4 
4 5 
+10 FROM PACKING-FRACTION CURVE ~ - 
OF MATTAUCH @ FLUGGE (1942) ~ 
," AND ALPHA DISINTEGRATION ENERGIES = +S, 
' ! ' ° 
= LIMIT FOR GEOLOGICAL STABILITY (T210° ¥) « 
w LimiT FOR DETECTION (T=10® ¥) z 

= 
~” oS im —— Ww z 
‘ \ 7.8 
< a whetunmetenhbamannacal or 
o One * 3.61 MEV © CRITICAL VALUE FOR ALPHA-~ LABILITY < 
af 4 s 
é 47 2 
e Bq Oy J z 
< 9 mn a 
r-) = 3 
4 4-54 
=x 
7 a 
=) 
[\ 7 : 
p an ® 
5 ALPHA~ DISINTEGRATION ENERGIES: > 
} \ EXPERIMENTAL 7 s 
CALCULATED =0 




















' 200 250 


° 50 100 50 
As MASS NUMBER 


Fic. 1. Slope of the mass-defect curve. a-disintegration energies 
are plotted against the scale at the right. 


The principal term determining the magnitude of Qa is Aya, 
a measure of the slope of the mass defect curve. Figure 1 gives a 
plot of AyDa versus A obtained from the packing-fraction curve 
of Mattauch and Fliigge® up to mass number 206, at which point 
it is joined to a curve derived from an analysis of a-disintegration 
energies. The shape of the curve in the region 50.4.4<200 is 
poorly determined by the data; there is possibly a peak in the 
vicinity of A=150 which may account for the a-activity of 
samarium. 

Evidently most nuclides above A = 140 are energetically capable 
of emitting a-particles, and are:only stabilized by the nuclear 
potential barrier resulting from the high charge. The effect of the 
barrier has been calculated using the simple one-body theory,’ 
and is shown on the diagram by the two sloping lines. The lower 
indicates the a-disintegration energy corresponding to the maxi- 
mum half-life which can be detected by present methods, ~10'8 
years, and the upper corresponds to the minimum half-life for 
geological stability, ~10* years. Between these lie the primary 
natural a-emitters, U8, U5, Th’, and Sm, 

As a result of the last term in Qo, sufficiently light isotopes of 
elements in the region from the rare earth elements to Pb should 
exhibit a-activity. Among the #-stable nuclides, this term can 
become largest for the even elements, and it has already been 
suggested? that some f-stable nuclides (in addition to Sm'™*) may 
be missing in nature as a result of a-decay. Since the present ex- 
perimental upper limits for a-activity for most 6-stable nuclides 
correspond to lifetimes of only 10” to 10" years, it is possible that 
the lighter naturally occurring isotopes of some of the even ele- 
ments in this region may possess detectable a-activity.® 

Far to the neutron deficient side of the 6-stability region a-ac- 
tivity should be an important mode of decay. As A becomes 
smaller for a given Z, the lifetimes against electron capture or 
positron emission will also decrease, but less rapidly, so B-decay 
will probably be the predominant mode except for large neutron 
deficiencies. By nuclear bombardments with very energetic 
photons? and ions,!° which are known to result in the formation of 
highly neutron-deficient nuclides, it should be possible to observe 
artificial a-activity in medium-heavy elements." 

Calculated a-disintegration energies of the isotopes of W, as a 
typical element in this region, are shown in Fig. 1, the circles 
representing the 8-stable isotopes and the line through them the 
locus of the B-labile ones. Such calculations are subject to large 
uncertainty, and are only meant to be suggestive. An analysis of 
presently available data pertaining to mass defects in this region is 
in progress in order to improve the basis for these calculations. 

Conversely, measurements of a-disintegration energies below 
bismuth would improve our knowledge of the mass-defect curve. 
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Experiments along the lines suggested in this letter are being 
planned. 


* Declassified by AEC as AECD-2060. Presented at the Madison, 
Wisconsin, meeting of the American Physical Society, June 21, 1948 (Phys. 
Rev. 74, 1259 (1948)). ; 

** Present address: Department of Chemistry, Carnegie Institute of 
Technology, Pittsburgh, Pennsylvania. 

*** Part of this work was done in 1946 at the Metallurgical Laboratory, 
under the auspices of the Manhattan Engineer District, Contract No. 
W-7401-Eng-37. 

1G. Gamow, Proc. Roy. Soc. London A126, 632 (1930), Constitution of 
Atomic Nuclei and Radioactivity (Oxford University Press, London, 1931), 
p. 15-21, Zeits. f. Physik 89, 592 (1934), Structure of Atomic Nuclei and 
Nuclear Transformations (Oxford University Press, London, 1937), p. 7, 
38-45, 48-52; W. Heisenberg, Zeits. f. Physik. 77, 1 (1932); A. Landé, 
Phys. Rev. 43, 620, 624 (1933); E. D. Eastman, Phys. Rev. 46, 1, 238 
(1934); H. A. Bethe and R. F. Bacher, Rev. Mod. Phys. 8, 82 (1936), 
section 8, 30; C. F. v.Weizsicker, Die Atomkerne (Akademische Verlags- 
gesellschaft, Leipzig, 1937), p. 34-35, 101-102; A. J. Dempster, Phys. Rev. 
53, 869 (1938); Hahn, Fliigge, and Mattauch, Physik. Zeits. 41, 1 (1940); 
E. Feenberg, Rev. Mod. Phys. 19, 239 (1947). 

2T. P. Kohman, Phys. Rev. 73, 16 (1948). 

3N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939). 

4 An alternate expression is given by Feenberg (reference 1, Eq. (65)). 

5 For example, K. Fajans, Radioelements and Isotopes (McGraw-Hill Book 
Company, Inc., New York, 1931), Chapter I; Perlman, Ghiorso, and Sea- 
borg, Phys. Rev. 74, 1730 (1948). 

6J. Mattauch and S. Fliigge, Nuclear Physics Tables (Verlag Julius 
Springer, Berlin, 1942; Interscience Publishers, Inc., New York, 1946), 
plate 1. 

7R. W. Gurney and E. U. Condon, Nature 122, 439 (1928); G. Gamow, 
Zeits. f. Physik 51, 204 (1928). For computation, the formulation of H. A. 
Bethe, Rev. Mod. Phys. 9, 69 (1937), section 66, was used. 

8 According to the present considerations, Gd!5? should not have the 
special a-lability suggested for it by Feenberg (reference 1). K. K. Keller 
and K. B. Mather (Phys. Rev. 74, 624 (1948) were unable to detect a- 
activity in natural gadolinium. Ti“ and Zr®8, in which N. E. Ballou (Phys. 
Rev. 75, 1105 (1949) unsuccessfully sought a-activity, would be expected 
to be stable against a-decay. 

9G. C. Baldwin and G. S. Klaiber, Phys. Rev. 70, 259 (1946). 

10 Seaborg, Cunningham, Hopkins, Lindner, Miller, O'Connor, Perlman, 
and Thompson, Phys. Rev. 72, 739, 740 (1947); D. H. Templeton, U. S. 
AEC Doc. 1525 (1947). 

11 Templeton (reference 10) observed short a-periods in light isotopes of 
Bi and Po and inferred that “‘the very light isotopes of the lighter elements”’ 
might also be a-active. 





The +t-Meson 


NORBERT WAGNER AND D. COOPER 


Department of Physics, University of Maryland, 
College Park, Maryland 


June 13, 1949 


HREE particles of mass about 725 electron masses have been 
found in an Ilford C2 emulsion exposed to cosmic radiation 
at high altitude. Mesons of masses in this range have been re- 
ported,! but the number observed has been smail and the mass 
determinations inadequate to definitely establish the existence of 
the particle. In the present experiment, high mass resolution has 
been achieved by minimizing the fading of the latent image and 
confining the observations to a single plate. 

Ilford C2 plates, wrapped in a paper heat insulating envelope, 
were exposed to cosmic radiation for 6 hours at 90,000 to 100,000 
ft. The temperature variation near the envelope during the flight 
was about 10°C. The plates were developed using a two bath 
process similar to that described by Blau and DeFelice.? Fifty-six 
mesons of residual range greater than 200 microns, including two 
a—y-decays, have been found in the single plate that has been 
analyzed. 

One of the 725 m, particles originated in a very high energy 
nuclear disintegration (Fig. 1, point A). Eighteen tracks emerge 
from this disintegration near the center of the 200-micron emul- 
sion, but only the track 7 and a 23-micron track of a particle 
heavier than an alpha-particle end in the emulsion. The charac- 
teristics of the track 7 indicate that the particle reached the end 
of its range and was captured at B. Grain counting established 
that the short-range particle from B was at least as heavy as a 
proton, and the other product, although it passed out of the 
emulsion, was heavier than the meson. No nuclear events were 
associated with the other two 725-m, particles, although both 
appeared to have reached the end of their range. 
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Fic. 1. 7-particle track of 
length 700 microns originating 
in disintegration A and initiat- 
ing the secondary event at B. 
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RESIDUAL RANGE IN MIGRONS 
Fic. 2. Integral grain count curve. Data for r-meson involved 
in the double star are plotted as (X). 


Grain counting* was used to determine the mass of the r-parti- 
cles. The plot of Fig. 2 shows the integral grain count in 50-micron 
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intervals from the end of the track versus residual range. The error 
lines on the points give the maximum range of the individual 
observations on at least five tracks, not the probable error. 
Taking the mass of the z-meson to be 286 m., the mass of the 
r-meson was determined from the data of Fig. 2 to be 725+40 m, 
(Computations on the same basis: 188090 m, for the proton and 
205+50 m. for the u-meson.) Scattering measurements gave 
1500+ 1000 m, for the mass of the 7-meson. The scattering meas- 
urements are not considered to be reliable, since the measurements 
on protons, 7-mesons, and u-mesons gave inconsistent results. 

These results indicate that the 7-meson carries a single positive 
or negative charge. They give no indication of more than one 
particle of mass between that-of the x-meson and the proton. It is 
suggested that the rarity and instability of the r-meson may not 
be as great as previously indicated. 

1C. R. LePrince-Ringuet, Rev. Mod. Phys. 21, 42 (1949); A. I. Ali- 
chanian and A. I. Alichanow, Nature 163, 761 (1949); Brown, Camerini, 
Fowler, Muirhead, and Powell, Nature 163, 82 (1949); J. G. Retallack, 


and R. B. Brode, Phys. Rev. 75, 1716 (1949); H. Yagoda, private com- 


munication. 
2M. Blau and C. DeFelice, Phys. Rev. - 1198 (1948). 


3 J. H. Webb, Phys. Rev. 74, 511 (1948). 





afte 
Pas 
and 
and 
eigh 
cons 
sult 
Loo: 
and 
the 1 
soph 
Acac 
Socie 
Phys 
Socie 
Socie 
Socie 


tute 
Harr 
of th 





PHYSICAL REVIEW 


VOLUME 76, 


NUMBER 3 AUGUST 1, 1949 


Proceedings of the American Physical Society 


MINUTES OF THE SEMI-CENTENNIAL MEETING AT CAMBRIDGE, JUNE 16-18, 1949 


HE 293rd meeting of the American Physical 

Society was held on Thursday, Friday, and 
Saturday, June 16, 17, and 18, 1949, in the buildings 
of Harvard University and the Massachusetts In- 
stitute of Technology in Cambridge, Massachusetts. 
This was designated as the Semi-Centennial Meet- 
ing of the Society, and comprised ceremonial 
features and speeches in commemoration of the 
foundation of the Society and the first fifty years 
of its history. The Society was organized on May 
20, 1899 by a group of some forty physicists; six of 
them—Wilder L. Bancroft, Bergen Davis, Freder- 
ick L. Bedell, Marcia A. Keith, Isabelle Stone, and 
F. A. Waterman—are living, but unfortunately 
none of these was able to be present at this 
celebration. (Of those who are known to have been 
present at the first ‘‘regular’’ meeting of the Society 
—that of October 28, 1899—G. B. Pegram and 
L. P. Wheeler attended this meeting, and quite 
probably others were there.) Five hundred and 
ninety-three people registered, making this by far 
our largest summer meeting except for that of 
June 1946 when a great deal of work in nuclear 
physics emerged from classification. The Local 
Committee, headed by Otto Oldenberg and com- 
prising Norman Ramsey, Roger Hickman, John C. 
Slater, A. E. Benfield, and many who helped them, 
handled its difficult work admirably well. The 
weather was warm and humid but might have been 
worse. 

The Ceremonial Session was held on Thursday 
afternoon in Sanders Theatre. Together with the 
Past Presidents and present officers of the Society, 
and with some of the elder members of the Society 
and with the Local Committee, the delegates of 
eight scientific societies sat on the stage: in their 
conspicuous position they were severely tried by the 
sultry heat, for which ordeal the apologies of the 
Society are due and herewith tendered. President 
Loomis opened the session with felicitous words, 
and called then upon the eight delegates to present 
the messages of their Societies: the American Philo- 
sophical Society (A. B. Hastings), the National 
Academy of Sciences (F. O. Schmitt), the Physical 
Society, London (W. B. Mann), the Netherlands 
Physical Society (J. de Boer), the Japanese Physical 
Society (H. Yukawa), the American Mathematical 
Society (Hassler Whitney), the American Chemical 
Society (G. B. Kistiakowsky), the American Insti- 
tute of Physics and its Founder Societies (G. R. 
Harrison). The President then read the messages 
of the following Societies: the Physical Societies of 


Denmark, Finland, France, Sweden, and Switzer- 
land; the American Institute of Electrical En- 
gineers, the American Society of Civil Engineers, 
the American Society of Mechanical Engineers, the 
Institute of the Aeronautical Sciences, the Institute 
of Radio Engineers, Sigma Pi Sigma; and personal 
messages from Niels Bohr and Max von Laue. 
Messages from the five German physical societies 
and from the American Institute of Mining and 
Metallurgical Engineers arrived too late for reading, 
but will be preserved in the archives of the Society. 
After these greetings were communicated to the 
audience, G. B. Pegram spoke on the early years of 
the Society, G. F. Hull, Sr., on some of its early 
meetings, and K. K. Darrow on the recent years of 
the Society. 

On Friday morning in Sanders Theatre was held 
a General Session comprising addresses by E. U. 
Condon on the development of American physics, 
by C. G. Suits on physics in industry, and by 
President F. W. Loomis on the future of physics. 

On Friday afternoon in Sanders Theatre the 
Chairmen of our four Divisions spoke on their 
respective fields. These Chairmen are Louis Malter 
(Division of Electron Physics), J. W. Liska (Divi- 
sion of High-Polymer Physics), William Shockley 
(Division of Solid-State Physics), and H. L. Dryden 
(Division of Fluid Dynamics). They were followed 
by J. S. Foster who reviewed the story of physics 
in Canada. 

Invited papers on the general programme were 
given by Howard Aiken, E. O. Hulburt, R. A. 
Millikan, Julian Schwinger, M. S. Vallarta, and E. 
Bright Wilson, Vallarta speaking as representative 
of Mexico. A Symposium on linear accelerators con- 
sisted of three papers by Wolfgang Panofsky, R. F. 
Post, and J. C. Slater. A Symposium was held 
throughout Saturday by our Division of Electron 
Physics. The titles of all of these papers are given 
hereinafter. 

The banquet of the Society was held on the 
Friday evening in the Ballroom of the Continental 
Hotel. With President Loomis twelve Past Presi- 
dents of the American Physical Society sat at the 
Speakers’ Table: they were Henry Crew (President 
in 1909 and 1910), R. A. Millikan (1916 and 1917), 
K. T. Compton (1927 and 1928), W. F. G. Swann 
(1931 and 1932), P. D. Foote (1933), H. M. Randall 
(1937), John Zeleny (1940), G. B. Pegram (1941), 
P. W. Bridgman (1942), A. W. Hull (1943), Harvey 
Fletcher (1945), and E. U. Condon (1946). All 
spoke, too briefly. No such gathering of notable 
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physicists at one table has been seen in our time, 
perhaps no other will be seen before our Centennial. 
Especial gratitude is due to Henry Crew, who at the 
age of ninety made the long journey from Evanston 
to take part in this meeting, and evoked before the 
audience his memories of Helmholtz and Kirchhoff, 
Brace and Rowland from 1883. It is no pleasure to 
record that fewer than two hundred attended this 
unique banquet. In general, too few by far of our 
members feel the obligation to be present at what, 
in these days of simultaneous sessions, is normally 
the only function of our meetings at which all can 
be together. 

The Society has lost through death, according to 
reports reaching this office, A. E. Bowen (Red 
Bank, New Jersey), J. P. Cooley (Palisades, New 
York), P. F. Hammond (University of Wyoming), 
W. W. Hansen (F, Stanford University), J. K. L. 
MacDonald (Inyokern), and J. A. Vargus (Inyo- 
kern), the last two having died in an airplane crash 
while on their way to our Berkeley meeting. 

The Council met on Thursday morning. 


Elected to Fellowship: Ernst Billig, W. L. Bond, J. R. 
~ Haynes, E. A. Hiedemann, A. V. Hollenberg, Vivian A. 
Johnson, Thomas Lauritsen, M. B. Sampson, L. R. Walker, 
R. G. Wilkinson, and Chien-Shiung Wu. 

Elected to Membership: Elihu Abrahams, Bruce L. Adams, 
Harold R. Allan, Casper J. Aronson, Raphael F. Aronson, 
Benjamin L. Averbach, William W. Balwanz, Murray L. 
Barasch, Peter T. Barrett, Joe R.-Beeler Jr., John Tyers 
Beher, Pasquale Bencivenga, Leon Bess, George H. Best, 
Egil K. Bjornerud, Richard C. Bradley, Ernest C. Briggs, Jr., 
Arthur S. Brill, Nicholas E. Broderick, Paul Brodt, Daniel P. 
Brooks, Robert J. Brousseau, Albert Brown, André Bruaux, 
John H. Bryant, David S. Bunbury, Charles Patrick Caden- 
head, Edward W. Cannon, Richard R. Carlson, Edward F. 
Carr, William W. Carter, William R. Champion, Edwin J. 
Chernosky, Henry Chessin, H. N. Clarkson, Clarence M. 
Connelly, William A. Conrad, James E. Corry, Jr., Christopher 
Dean, Hervasio G. De Carvalho, Joseph J. Devaney, S. S. 
Dharmatti, Vernon H. Dibeler, Margarete Ehrlich, Richard 
W. Fink, Charles B. Fisk, Siegfried W. Fluegge, Stephen G. 
Gasiorowicz, R. E. Gibson, William S. Gilbert, Paul W. Gilles, 
John P. Gould, Howard Greenberg, Alan Adams Grometstein, 
Manfred Grunberg, Robert N. H. Haslam, Edward D. 
Havens, Jr., Charles H. Heuer, Richard J. Hirsch, Sidney 
Hoffman, Norman H. Horowitz, Howard S. Jarrett, Betsy M. 
Jones, Byron E. Keene, *William D. Kennedy, Geoffrey 
Knight, Jr., Jonathan H. Knox, Eli Kogos, John Kostolos, Jr., 
Walter H. Kruschwitz, James E. Kupperian, Jr., Dieter 
Kurath, Benjamin Lax, Daniel Leenov, Wayne Lowry Lees, 
Rannzo Leo, Stanley L. Leonard, John C. Lindsay, Ralph 
Livingston, Hans Walter Loeb, Harvey I. Lundy, Geraldean 
L. Lynn, Esteban F. R. Manfredi, Marvin Masel, Edward A. 
Mason, Frank D. Mason, Kurt L. Mayer, Benjamin T. 
McClure, Dale J. Meier, C. Howard Mellor, Harold W. Miller, 
Henry Thomas Minden, George R. Mitchell, George Davies 
Monk, C. Frank Mooney, Walter J: Moore, Cecile Morette, 
F. Hayder Morgan, Russell H. Morgan, Peter A. Morris, 
Mark P. Morse, Jr., Philip M. Mostov, Raymond J. Munick, 
Charles A. Murison, William Frederick Nash, John H. Neiler, 
Roger Newman, Richard Edwin Norberg, Carlos Obregon, 


* This man appeared on the Washington Agenda, but his second sponsor 
was not a member and he was not elected. 


Jack E. Oliver, Akshayabat Pande, Kenneth John Parry, 
Maynard D. Pearson, Robert H. Penfield, Sam R. Peoples, 
Earl M. Pollock, Charles E. Porter, Jr., Dwight C. Pound, 
Jerome Pressman, Wolfgang Ramm, Robert B. Raphael, 
Haskell A. Reich, Howard M. Robbins, Donald Murray 
Roberts, Fred W. Roberts, Robert C. Rohr, David Rosenfeld, 
Norbert Rosenzweig, Bernd Ross, Steven W. Ross, Wallace R. 
Rushin, Irving Sacks, Paul G. Saper, Matrala L. N, Sastri, 
William F. Schreiber, James F. Sears, Howard H. Seliger, 
David Shansky, Elmer M. Sharp, Joseph Silverman, Robert 
L. Small, Albert E. Smith, Joseph Sperrazza, Gordon L. 
Squires, Philip L. Stocklin, Ralph E. Sturm, John G. Teasdale, 
Walter F. Titus, Albert B. Tonik, Otto C. Turchan, Edwin M. 
Vahghn, Charles E. Van Albert, William M. Visscher, Garvin 
L. Von Eschen, Arthur A. Vuylsteke, Sidney Walovnick, 
William E. Water, Jr., Otto A. Weinreich, Eric A. Weiss, 
Wilfrid B. Whalley, Herman H. Wieder, Robert Lee Wild, 
Robert R. Williamson, Harvey Winston, Robert J. Wohl, 
Hiroshi Yamauchi, Paul M. Yavorsky, Myron Youdin 
Arnold Zellner, and Elmer L. Zimmerman. 


The Tellers have reported that the two Amend- 
ments to the Constitution of the American Physical 
Society submitted to the membership last February 
were carried by large majorities. Their texts will 
appear in a later issue of the Bulletin. 


Kart K. Darrow, Secretary 
American Physical Society, 
Columbia University, 

New York 27, New York 


Ceremonial Session 


Opening words by F. W. Loomis, University of Illinois. 

Messages of greeting and felicitation from foreign and 
American scientific societies (listed elsewhere in these 
Minutes). 

The early years of the American Physical Society. G. B. 
PEGRAM, Columbia University. 

Early meetings of the American Physical Society. G: F. 
HUuLt, Sr., Dartmouth College. 

The recent years of the American Physical Society. K. K. 
Darrow, Bell Telephone Laboratories. 


General Session 


The development of American physics. E. U. Connon, 
National Bureau of Standards. 

Physics in industry. C. G. Suits, General Electric Company. 

The future of physics. F. W. Loomis, University of Illinois. 


Speeches by the Chairmen of the Four Divisions 


Louis MALTER, RCA Laboratories (Division of Electron 
Physics). 

J. W. Liska, Firestone Tire and Rubber Company (Division 
of High-Polymer Physics). 
. WILLIAM SHOCKLEY, Bell Telephone Laboratories (Division 
of Solid-State Physics). 

H. L. Drypen, National Advisory Committee for Aero- 
nautics (Division of Fluid Dynamics). 


Symposium on Linear Accelerators 


WoLFGANG Panorsky, University of California, Berkeley. 
R. F. Post, Stanford University. 
J. C. SLATER, Massachusetts Institute of Technology. 
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Other Invited Papers 


The uses of computing machines. HowarD AIKEN, Harvard 
University. 

The light of the night sky. E.O. Hutsurt, Naval Research 
Laboratory. 

Recollections of the American Physical Society. R. A. 
MILLIKAN, California Institute of Technology. 

Quantum electrodynamics. JULIAN SCHWINGER, Harvard 
University. 

The sun and cosmic rays. M. S. VALLARTA, University of 
Mexico. 

Molecular spectroscopy and molecular structure. E. BRIGHT 
WIiLson, Harvard University. 


Symposium of the Division of Electron Physics 


Studies of electrons in gases by high frequency techniques. 
SANBORN C. Brown, M.I.T. 

Ionospheric measurements employing a voltage-scanning 
probe. W. G. Dow, University of Michigan. 

The Townsend discharge on a micro-second time-scale. 
J. A. HornBEcK, Bell Telephone Laboratories. 

Space-charge effects in electron beams and their reduction 
by positive-ion trapping. E.G. LiInpER AND K. G. HERNQVIST, 
R.C.A. 

Recent experimental results and theoretical interpretations 
on ionic phosphors. F. E. WILLIAMs, General Electric. 

Studies of thermionic emission, photoelectric emission and 
conductivity of oxide-coated cathodes. W. B. NoTtrINGHAM, 
M.I.T. 

Photoelectric studies on the energy structure of barium 
oxide. L. APKER, E. Tart, AND J. DICKEy, General Electric. 

Deflection defocusing in cathode-ray tubes and methods 
for correction. R. G. E. Hutter, L. H. McKEE, anp S. W. 
HARRISON, Sylvania. 


Beta-Ray Emitters; Nuclear Apparatus 


Al. Radioactive Materials as X-Ray Sources. H. F. Gun- 
LOCK, Ohio State University—X-rays resulting from orbital 
capture or from internal conversion identify, by their wave- 
length, the radioactive element emitting them and the par- 
ticular electronic levels involved. Various means for determin- 
ing the wave-length are discussed and their use is illustrated 
in the study of the decay schemes of Pd! and the Rh! isomer. 
Examples of the use of x-ray emitting material as a source in 
radiography are given. 


A2. The Effect of C4, Ca*®, P%, ['3!, and Zn® on Photo- 
graphic Emulsions.* DANIEL STEINBERG** AND A. K. SOLOMON, 
Harvard Medical School.—The density response of photo- 
graphic emulsions to five biologically important radioisotopes 
has been determined (C%, Ca, P#, [13!1, and Zn®). -A set of 
eight sources of graded intensity was prepared for each isotope, 
and commercially available films (Eastman No-screen x-ray 
film, Type M stripping film, Type K industrial x-ray film, and 
NTB stripping film) were exposed for measured intervals to 
the eight sources. Exposure-density curves-are presented, 
exposure being expressed in terms of total atomic disintegra- 
tions per square centimeter of film during the period of film 
source contact. Sensitivity and contrast are presented for each 
emulsion isotope combination in the form of characteristic 
curves. Photographic effectiveness is observed to decrease with 
increasing maximum energy of the radiation of the isotope. 
However, no simple quantitative correlation is observed be- 
tween sensitivity and Emax. The reciprocity law has been 
checked in the case of Zn® for exposures varying from 1 to 200 
hours and found valid (Type M stripping film). 


Logie exposure at density 0.1 above background. 








Ca yia 
6.42 6.70 
7.84 8.35 


Film Cu 
Eastman No-screen x-ray 6.16 


7.11 
Eastman Type M stripping 7.39 8.75 








* This work has been supported in part by the ONR and the AEC. 
** Postdoctorate Fellow, National Institute of Health. 


A3. On the Excited States of Li’.* M1cHEL TER-PoGossIANn, 
J. EUGENE Rosinson, AND HarRoLp GopparD, Washington 
University. (Introduced by A. L. Hughes.)—In a recent un- 
published note, H. Primakoff and E. Feenberg suggested the 
possibility of the existence of two closely spaced excited states 
in Li’, This hypothesis appears necessary because of the selec- 
tion rules in the Be? decay and the B!°(n, a)Li™ reaction. The 
first step made to test this hypothesis was to compare the 
energies of the y-radiations emitted in the transitions Li7*—>Li? 
for different methods of producing Li7™*. The energy of the 
y-radiation emitted after the K capture in Be’ was carefully 
compared, in a high resolution beta-ray spectrometer, with 
the energy of the y-radiation emitted by Au-198 (energy ac- 
curately measured by DuMond and his group). This compari- 
son gave the energy of 478.6+0.5 kev. This value is very close 
to the energy obtained by Elliott and Bell (478.5+1.5 kev) 
for the gamma-radiation following the (n, a) reaction on B-10, 
using the same Au comparison line. If these two excited states 
of Li’ are different they are not separated by more than 2 kev. 


* This work was assisted by the joint program of the ONR and AEC. 


A4. K Capture of Be’ and the Excited State of Li’.* R. M. 
WILLIAMSON AND H. T. RicHarps, University of Wisconsin.— 
The fraction of Be? K capture to the 478 kev excited state of 
Li? has been experimentally determined to be 0.107 0.02. The 
experimental method consisted in measuring the number of 
Be’ atoms by counting neutrons from the Li’(p, )Be’ reac- 
tion, and in observing the subsequent number of 478 kev 
gammas by use of a counter calibrated by beta-gamma coinci- 
dences from Au’®’, Implications concerning the character of 
the 478 kev Li? level are discussed. 


* This work was supported in part by the Wisconsin Alumni Research 
Foundation and in part by the AEC. 


AS. Disintegration Energy of Al**.* L. Sempiitz, E. BLEv- 
LER, AND D. J. TENDAM, Purdue University.—A discussion by 
Barkas! shows that the mass difference between Al?* and Si** 
is about 1.5 Mev higher than expected from the decay energies 
of adjacent nuclei with the same symmetry (Na™, F?°---, P32, 
Cis. - -), If this is due to the closure of a shell for Si**, a similar 
anomaly might be expected for the transition Al?®—Si?® 
(T,=6.6 min.). Al?® was produced by bombarding Mg with 
the a-particles of the Purdue cyclotron. Absorption and coinci- 
dence measurements show a $--spectrum of 2.4 Mev upper 
limit, accompanied by y-radiation in cascade. Indications of a 
partial B~-spectrum of lower energy and of a cascade of y-rays 
are present. Tentative decay schemes yield a total disintegra- 
tion energy between 3 and 3.5 Mev. The comparison of the 
decay energies of corresponding nuclei (Ne* 4.3, Na® 3.7, 
Mg?’ 2.64, Al?® 3-3.5, Si! 1.8, P® ?, S* 0.167 Mev) indicates 
a similar anomaly in the mass difference Al?®—Si?* as found 
for Al?8 —Si?8, 


* Supported by the ONR. 
’ 1W.H. Barkas, Phys. Rev. 72, 346 (1947). 


A6. The Forbidden Beta-Spectra of Sr®*, Sr®, and Y®. F. 
B. SHutt, C. H. BRADEN, AND L. SLAcK, Washington Uni- 
versity.—The spectrum “shape”’ for a forbidden beta-transition 
cannot be uniquely predicted except in ‘special cases where 
restricted selection rules are satisfied. Konopinski and Uhlen- 
beck! have shown that one such special transition involves a 
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spin change of 2 units and a change of parity, provided Gamow- 
Teller rules govern the beta process. The expected distribu- 
tion differs from that for an allowed transition by a factor 
G~(Wo—W)*+(W?—1). Changes of parity for the beta- 
transitions of Sr®*, Sr®°, and Y®° are expected on the basis of 
the nuclear shell model.? In view of the ft values, these are 
first-forbidden by G-T rules, and the relatively large magni- 
tude of (W.?—1)ft in each instance favors a spin change of 2 
units.2% All three spectra have been measured in a double- 
focusing spectrometer. When analyzed as “allowed” Fermi- 
Kurie plots, all three display the characteristic upward bulge 
introduced by the factor G for energies above Wo/2. When 
analyzed as “forbidden” FK plots (i.e., after G is divided out), 
all three are satisfyingly straight. 
1E. J. Konopinski and G. E. Uhlenbeck, Phys. Rev. 60, a (1941). 


2 E, Feenberg and K. C. Hammack, Phys. Rev. (in press). 
3 F, B. Shull and E. Feenberg, Phys. Rev. (in press). 


A7. The Forbidden Beta-Spectra of Sr®® and Y®. H. Clay 
PRICE, JR. AND LAWRENCE M. LANGER, Indiana University.— 
Because of the remarkable agreement between theory and 
experiment found recently! in the forbidden beta-transition of 
Y®*, it was thought desirable to examine the spectrum of Sr®, 
This transition, in spite of its large comparative half-life, is 
also predicted by the nuclear shell structure analysis? to be 
once forbidden with a spin change of two units and parity 
change. The source, obtained from Oak Ridge, had in addition 
to the Sr®*, an activity of about 5 percent due to Sr® in secular 
equilibrium with Y°°. Spectra were obtained with and without 
chemical extraction of the Y®®. Measurements were made in 
the high resolution 40 cm radius of curvature spectrometer 
with a source of about 0.01 mg/cm? average thickness. It is 
found that both Sr®® and Y* yield forbidden spectra whose 
shapes are accounted for by the factora~[W?—1+(Wo— W)?}. 
This indicates that according to Gamow-Teller selection rules 
both transitions are indeed once forbidden with parity change 
and spin change of 2, in agreement with the predictions of the 
shell model. The end points are: Sr®, 1.463+0.005 Mev; Y, 
2.180+0.008 Mev. This work has been assisted by a grant 
from the Frederick Gardner Cottrell Fund of the Research 
Corporation and by the joint program of ONR and AEC. 


1 Lawrence M. Langer and H. Clay Price, Jr., Phys. Rev. 75, 1109 (1949). 
2 E. Feenberg and K. C. Hammack, private communication. 


A8. The Beta-Spectrum of Silver-110. WERNER S. Em- 
MERICH AND J. D. KurpBatov, Ohio State University.—The 
disintegration of Ag 110 into the isobars Cd 110 and Pd 110 
was studied in a Wilson cloud chamber. Purified Ag 110 of 
high specific activity was mounted in the center of the chamber 
on very thin Zapon film, and pictures of tracks were taken in 
air and in helium at atmospheric pressures in magnetic fields 
of 372.5 and 149 gauss. A Kurie plot produced a straight line 
in the range of 150 to 550 kev indicating the presence of a 
continuous electron spectrum with an upper energy limit of 
0.59 Mev. Upon subtraction of the theoretical component of 
this spectrum and recalculation of the remainder, evidence 
was obtained for the existence of a second continuous spectrum 
with an upper energy limit of 90+10 kev. The intensities of 
the two continuous spectra were found to be of the same order 
of magnitude which indicates, considering the careful mount- 
ing of the source, that the low energy spectrum is not due to 
back scattering. The presence of converted electron groups of 
0.1, 0.6, 0.9, 1.2, and 1.5 Mev was observed. Monochromatic 
groups near 0.3 Mev were not well defined. Several single 
positrons and pairs were found. Howéver, the number of posi- 
trons, for which pairs could not be established, did not exceed 
0.2 percent of the observed electrons of the beta-spectra. 


A9. Radioactive Tin 111. R. A. HinsHaw, Muskingum 
College-—A radioactive isotope of a half-life of 35.0+0.5 
minutes has been found in the tin fraction of cadmium bom- 
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barded in the cyclotron with 20 Mev alpha-particles.* Using 
electromagnetically enriched cadmium** the assignment can 
be made to Sn 111. Positrons of 1.45 Mev and x-rays are 
observed. 

* Acknowledgment is gratefully made for support received from the Ohio 
State University Development Fund and the Graduate School. 


** Supplied by the Y-12 plant, Carbide and Carbon Corporation through 
the Isotopes Division, USAEC, Oak Ridge, Tennessee. 


Al10. Radiations from Indium (114) and Barium (140).* C. 
E. MANDEVILLE AND E. SHAPIRO, Bartol Research Foundation. 
—The 72-second In" activity, in equilibrium with its 48-day 
isomeric parent, was induced in metallic indium irradiated by 
slow neutrons in the Oak Ridge pile. Chemical separations 
were performed for the removal of Ag, Ca, Cu, Fe, Ni, and Pb 
as possible impurities. The beta-rays have a maximum energy 
of 1.89 Mev as measured by aluminum absorption, and the 
maximum gamma-ray energy is 0.90 Mev as determined by 
coincidence absorption. A lead absorption curve gives quan- 
tum energies of 0.15 Mev and 0.70 Mev. Beta-gamma coinci- 
dence data show that the harder gamma-rays are associated 
with less than 5 percent of the nuclear beta-rays. A gamma- 
gamma-coincidence rate of 0.25 X 10-’ coincidence per gamma- 
ray was noted. Fission-produced Ba'® emits beta-rays of 
maximum energy 0.91 Mev. Lead absorption curves observed 
continuously for 90 hours during growth of La! reveal the 
presence of 0.14 Mev and 0.6 Mev quanta emitted by Ba™®, 
Beta-gamma coincidence measurements show that the beta- 
spectrum of Ba!‘° is complex. 


* Assisted by the joint program of ONR and AEC. 


All. Studies on Synthetic LiF as a Scintillation Detector of 
Heavy Particles and Quanta. E. C. Farmer, H. B. Moore, 
AND CLARK GoopMAN, Massachusetts Institute of Technology.* 
—Studies have been made on synthetic LiF as a scintillation 
detector of heavy particles and quanta, particularly in view 
of its possibility as a high efficiency detector of thermal neu- 
trons. Most of the results reported were obtained with a crystal 
of LiF grown in vacuum. Measurements were taken with the 
crystal, photomultiplier tube (1P28) and paraffin block cooled 
with solid COz, using three different sources: a Co® gamma- 
source, a Po-Be neutron source and a Po alpha-source. The 
results for thermal neutrons were obtained by difference, with 
and without a boron shield around the crystal. Calculations 
from counting rate extrapolated to zero pulse height give an 
efficiency of 9.5 percent for thermal neutrons, 11 percent for 
Po a’s and 1.6 percent for Co®® gammas. The duration of the 
light pulse from LiF is <1iysec. with no noticeable ‘‘after” 
pulses. Comparison runs were made on the three types of 
synthetic LiF (vacuum, ammonia, and air grown) using the 
alpha- and gamma-sources. Because of differences in size, 
relative efficiencies for the different type crystals were not 
attempted; however, there does not seem to be any marked 
difference between them. 


* This is a joint undertaking of M.I.T. and ONR. ; 


Al2. Ring Focus in a Thin Magnetic Lens Beta-Ray Spec- 
trometer. JOSEPH M. KELLER, ERNEST KOENIGSBERG, AND 
ARTHUR PaskIN, Jowa State College-—Various writers! have 
suggested an improvement in resolution of a magnetic lens 
type beta-ray spectrometer if a suitably located annular orifice 
is used for momentum discrimination. Primarily to study the 
application of “ring focus” selection to a thin lens spectrom- 
eter, we have calculated the electron trajectories for the Iowa 
State College spectrometer.? The differential equation of the 
orbit, for zero angular momentum about the symmetry axis, 
was integrated numerically on International Business Ma- 
chines to yield a set of trajectories starting from a point source 
on the axis. For a fixed range of initial electron directions, 
different positions of ring focus occur (all at nearly the same 


mh 





i a 
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radius) for different values of electron momentum per unit 
magnetizing current. The calculated trajectories are used to 
predict line shapes. Effects of a finite source diameter and of 
finite angular momenta are estimated by perturbation methods. 


* This work was supported by 


1C. M. Witcher, Phys. Rev. 60 ary (1941); S. Frankel, Phys. Rev. 73, 
804 (1948). 
2 


E. N. Jensen, L. J. Laslett, and W. W. Pratt, Phys. Rev. 75, 458 (1949). 


A13. Constant Sensitivity Gamma-Ray Detector.* J. PINE 
AND R. SHERR, Princeton University.—For many experiments 
it would be desirable to use a gamma-ray detector whose 
sensitivity is independent of energy. The scintillation counter 
offers this possibility. The larger absorption of softer radiation 
is compensated for by the smaller average pulses so that the 
bias curves for different energies might cross at some small 
bias. Accordingly, anthracene and Nal were investigated. 
Absolute efficiencies were obtained by comparison with a 
copper Geiger counter. The integral bias curves did not cross 
and the efficiencies exceeded the theoretical values at low bias. 
The latter effect has been reported by Hofstadter and is pre- 
sumably due to radiation scattered into the detector. The 
absence of cross-over in the integral bias curves may also be 
caused by this effect. However, the differential bias curves for 
a single Nal crystal were found to cross at a particular bias 
which was far removed from the region of excessive efficiency. 
For our arrangement a 5-volt single channel discriminator 
would give an efficiency of detection of 1.1 percent for energies 
between 0.510 and 1.24 Mev. Preliminary measurements indi- 
cate the same efficiency for 1.8 Mev radiation. 


* Supported in part by the joint program of ONR and AEC. 


Al4. A Micro Calorimeter Suitable for Study of Easily 
Absorbed Nuclear Radiations.* C. V. CANNON** AND G. H. 
Jenks, Oak Ridge National Laboratory.—A calorimeter, which 
can be applied to the measurement of radio-active decay ener- 
gies when easily absorbed radiations are involved, has been 
designed and constructed. The calorimeter is of an isothermal 
type, operating at the temperature of liquid nitrogen and using 
the rate of vaporization of nitrogen, under constant pressure, 
as a measure of the heat input. Calibration of the calorimeter 
was carried out by means of a resistance heater. The sensitivity 
of the calorimeter is such that heat inputs as low as 7X 107° 
cal./sec. can be measured with an accuracy of 1 percent. 
Reference is made to the application of the calorimeter to the 
study of the decay of P®! and of tritium.’ 


1Zumwalt, Cannon, Jenks, Peacock, and Gunning, Setnee 107, 47 (1948). 
2 Jenks, Ghormley, and Sweeton, Phys. Rev. 75, 701 (1949). 
* This document is based on work a under contract for AEC. 


** Present address: Department of Physics, University of Washington, 


Seattle, Washington. 


Papers Not Classed Elsewhere 


Bl. Collimation Error in Small Angle X-Ray Scattering. 
K. L. Yupowitcn, Florida State University—It has been 
indicated! in small angle x-ray scattering experiments that 
excessive collimation error may be introduced by the use 
of an incident beam of finite cross section. To account for 
this error the usual procedure? has been multiple integrations 
for rays reaching a single point on the film from any position 
along the width or height of each slit. However, the common 
effect from both a finite slit width and height and a skew inci- 
dent beam is a range of scattering angle (de). The multiple 
integrations over each slit dimension are thus reduced to a 
single integration over scattering angle, which entails first 
finding the limits of scattering angle. The assumption of a 
constant distribution of intensity throughout the range, allows 
de to be taken as a measure of the collimation error. Minimiza- 
tion of 5¢ then leads to a quartic equation whose solution yields 
optimum values of slit height-to-width ratio or eccentricity. 


Determination of this optimum slit eccentricity is prerequisite 
to best results in small angle x-ray scattering. 


1K. L. Yudowitch, J. App. Phys. 20, 174 (1949). 
2C. G. Shull and L. C. Roess, J. App. Phys. 18, 295 (1949). 


B2. Design of Small, Self-quenching, G-M Counters. C. V. 
Rosinson, Harvard Medical School.—Several small self- 
quenching G-M counters have been constructed recently by 
the author for use in medical research. The diameters are in 
the range from 2 to 6 mm and the mixtures consist of argon 
and ether* or argon and ethyl acetate. The research connected 
with the design of these counters will be discussed and details 
of construction shown. 


* C. V. Robinson and R. E. Peterson, Rev. Sci. Inst. 19, 911 (1948). 


B3. An Extension of a Theory of Magnetic Amplifiers. 
ROBERT T. BEYER AND MiNnG-Y1 WEI, Brown University.—A 
theory of operation of certain magnetic amplifiers, previously 
presented,! has been extended, in the case of secondaries with 
infinite a.c. impedance to be valid for large input currents. The 
second harmonic output is shown to deviate from linearity and 
pass through a maximum as the direct current is increased. 
Some experimental evidence is given to support the calcula- 
tions. The influence of a third harmonic term in the primary 
current (which has hitherto been considered as a pure sine 
wave), has also been investigated. It is shown that for small 
input currents no serious error is introduced by neglecting the 
higher harmonic. 


1J. A. Krumhansl and R. T. Beyer, J. App. Phys. 20, 432 (1949). 


B4. Influence of Molecular Structure of Lubricant on the 
Variation of Incremental Friction Coefficient with Speed. J. T. 
BURWELL AND C. D. StRANG, Massachusetts Institute of Tech- 
nology.—The incremental friction coefficient, defined as 
AF/AW rather than F/W, where F is the friction force and W 
the applied load was shown in a previous paper! to be inde- 
pendent of all fluid viscous effects. Its variation with speed is 
found to be characteristic of the lubricant for various types of 
straight long-chain lubricant molecules. With non-polar hydro- 
carbon molecules it is found to decrease over the whole range 
of speed from 0.100 cm/sec. to 75.7 cm/sec. For various 
straight-chain polar molecules such as fatty acids, esters, 
metal soaps and alcohols the coefficient is independent of speed 
at the low end of the range but decreases at the higher speeds. 
For a series of normal alcohols the coefficient at any speed 
decreases with chain length up to dodecanol after which it is 
constant. The similarity is noted between the shape of the 
friction vs. speed curve and that of the curve of structural 
viscosity vs. rate of shear curve predicted by Umstatter? on 
the basis of Maxwell’s relaxation relation. Hence, the decrease 
of this friction coefficient with speed may be due to a shear- 
induced orientation in the molecular monolayers of lubricant 
on the rubbing surfaces. 


1J. T. Burwell and C. D. Strang: J. App. Phys. 20, 79 (1949). 
‘H. Umstatter, Die Technik, 1, 46 (1946); Koll. Zeits., 163, 7 (1943). 


BS. The Propagation Modes of a Helix.* WILLIAM SOLL- 
FREY, New York University.—Previous researches on the helix 
have made simplifying approximations about the nature of the 
boundary conditions. In this paper the field equations and 
boundary conditions are formulated exactly. They are then 
solved by an expansion in powers of the ratio of the thickness 
of the wire to the distance between turns. The method used 
consists of introducing a new coordinate system, which is 
such that a helical wire of circular cross-section is a surface 
in which one coordinate is constant. Maxwell’s equations 
and the electromagnetic boundary conditions are expressed 
in terms of this system. Since non-orthogonal coordinates 
are involved, the equations cannot be solved exactly, but a 
perturbation procedure may be applied as indicated above. 
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The result of the analysis is to show that there is a principal 
mode, which propagates with the free space velocity of light 
in the direction of the wire. The characteristics of this mode 
are studied, and they are compared successfully with experi- 
ment. 


* This research was performed under the sponsorship of the Watson Lab- 
oratories of the U. S. Air Force under contract with New York University. 


B6. Application of a Variational Principle to Biconical An- 
tennas.* C. T. Tat, Harvard University.—A theoretical exam- 
ination is made of the impedance of a biconical antenna, based 
upon a variational method due to Schwinger. In the present 
analysis, an integral equation to determine the aperture field 
is first obtained by matching the tangential electric and mag- 
netic fields along the boundary sphere. Using this integral 
equation, the effective terminating admittance of the antenna 
can be expressed in a form that is stationary with respect to 
small variations in the aperture field. It is shown that the 
zeroth-order solution of the admittance function thus obtained 
is the same as the one that Smith derived by neglecting all the 
high order waves in the interior region except the principal 
mode. For small-angle cones, the present formulation yields 
the same exact solution obtained previously, based upon 
several different methods. The paper also contains a discussion 
of the first-order approximate solution which is applicable to 
both small- and wide-angle cones. The analysis includes a 
discussion of the Ritz method to determine very accurately 
the characteristic values and characteristic functions for a 
given cone. 


* Supported by ONR. 


B7. Terminal Impedance and Generalized Two-Wire Line 
Theory. K. Tomryasu AND RONOLD KING, Harvard University. 
—Conventional transmission line theory takes no account of 
variations in the parameters of the line and of coupling near 
a terminating impedor or near any change in its uniform 
properties. A general theory is derived which substitutes for 
these effects a simple terminal zone network of lumped series 
and shunt elements which may be evaluated for each type of 
termination or discontinuity. The apparent terminal imped- 
ance, Zsa (which is the impedance actually measured on a 
lossless line at one-half wave-length from the termination) 
consists of this network in combination with the theoretical, 
isolated impedance, Z,, of the load. Application of the theory 
to terminations consisting of an open end, a bridge end, a line 
continuing at an angle, and antennas oriented in the plane of 
the line and in the plane perpendicular to the line, is outlined. 


B8. Jacobian Thermodynamics. F. H. CRAwForD, Williams 
College.—The author has discussed the utility of Jacobians in 
thermodynamic theory.! The results have been extended to 
the case of m-variable systems where it is necessary to divide 
all possible systems into: (a) unrestricted and (b) restricted sys- 
tems (i.e., those having certain variables of limited functional 
dependence). In either case Clausius’ equation dU = TdS+dwW 
is the starting point, with dW expressed as (n—1) separate 
work terms of the form Fdé. This gives 2 variables on the 
right, where in case (a), amy m may be taken as independent. 
If we set up the Jacobian, Jo, of the remaining ” dependent 
variables with respect to the independent set, according to 
certain simple rules, then Jo is a determinant of n? derivatives, 
symmetric about the main diagonal. The symmetry is a very 
concise expression of the general Maxwell relations and means 
that Jo contains the m(m+1)/2 independent derivatives ade- 
quate for a complete thermodynamic discussion. In case (b), 
certain derivatives will vanish, alone if in the main diagonal, 
otherwise in pairs; hence a fewer number of derivatives must 
be measured experimentally to enable others to be determined. 


1 Phys. Rev. 72, 521A (1947); Am. J. Phys. 17, 1-5 (1948); Proc. Am. 
Acad. (in press). 
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B9. The Temperature Distribution in an Accreting Medium 
Containing a Source of Heat. A. E. BENFIELD, Harvard Uni- 
versity.—Using the mathematical theory of the conduction of 
heat in solids, the temperature (as a function of distance and 
time) is calculated for an accreting semi-infinite medium which 
contains a uniformly distributed source of heat. The medium 
is initially all at a uniform temperature; the free surface of 
the medium, at which accretion occurs at a steady velocity v, 
is held at this initial uniform temperature, while the tempera- 
ture in the interior of the medium increases due to the heat 
which is being generated there at the constant rate of A heat 
units per unit time per unit volume. It is found that, as time 
goes on, the temperature gradient approaches a steady value, 
A/cpv, where c is the specific heat of the medium and p is 
its density. The solution of the problem involves a Laplace 
transform that is not tabulated in the usual references.! 


1See A. E. Benfield, Quart. App. Math. 6, 4, 439-443 (January, 1949). 


Electrical Phenomena in Gases 


Cl. Afterglow of Nitrogen and Argon in Low-Density 
Supersonic Streams. THomMas W. WILLIAMS AND JAMES M. 
Benson, VA CA—Langley.—An investigation will be described 
in which the phenomena of afterglow were utilized in a way 
suggested by J. Kaplan to make visible the low density super- 
sonic flows of several gases, including nitrogen, oxygen, air, 
and argon. Photographs of the afterglow in the flow about 
wedges will be shown and compared with corresponding 
schlieren photographs for densities of the stream corresponding 
to static pressures in the order of 1 mm of mercury. The after- 
glow is effective in visualizing shock waves and other features 
of the flow at low densities where it is difficult or impracticable 
to obtain comparable results with schlieren, shadowgraph, or 
interferometer methods. The Lewis-Rayleigh afterglow of ni- 
trogen!? in particular is suggested for further use in this way 
to visualize the supersonic flow in streams having a density 
sufficiently low for the ratio of Mach number to Reynolds 
number to be a significant parameter.’ 


1S. K. Mitra, Active Nitrogen, a New Theory (Indian Press, Calcutta, 


1943). 
2J. Kaplan, Active Nitrogen, Phys. Rev. 73 No. 5 494-6, March 1, 1948. 
3 Thomas W. Williams and James M. Benson, Preliminary Investigation 
of the Use of Afterglow for Visualizing Low-Density Compressible Flows, 
NACA RM No. L9A24a, 1949 


C2. Recombination Spectrum and Electron Density Meas- 
urements in Neon Afterglows.* R. B. Hott, J. M. RICHARD- 
son, B. HOWLAND, AND B. T. McCuiure, Harvard University. 
—The spectrum emitted by the recombination of positive ions 
and electrons in the afterglow of a pulsed microwave discharge 
through neon has been studied as a function of time. Electron 
density measurements on the plasma were made by the cavity 
resonant frequency shift method of S. C. Brown and co- 
workers.! The relative intensities of several strong lines in the 
spectrum remains essentially constant during the afterglow, 
while the relative intensities of several others show systematic 
changes. A recombination coefficient can be calculated on the 
basis of the observed variation of intensity as a function of 
time for any individual line, provided that the electron density 
is measured at some particular time. This technique allows 
measurements at electron densities much too high to be ob- 
served directly by the microwave method. The recombination 
coefficient obtained for positive ions and electrons in neon 
varies somewhat with the spectral line and the region of the 
afterglow chosen for the computation, but is on the order of 
10-7 cc/ion-sec., in reasonable agreement with the value found 
at lower electron densities by the microwave method by Brown 
and co-workers. 

* Supported by the ONR. 


1 Massachusetts Institute of Technology, Research Laboratory of Elec- 
tronics, Technical Report No. 66. 
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C3.’ Measurements of Electron-Ion Recombination in Dia- 
tomic Gases.* MANFRED A. BIONDI AND SANBORN C. Brown, 
Massachusetts Institute of Technology.—Previous measurements 
of recombination coefficients! which were made in the mon- 
atomic gases have been extended to the diatomic gases He, Ne, 
and Oz. The recombination of electrons with monatomic ions 
involves the radiation of energy as the process by which a 
stable combined atom is formed. This process seems to be of 
secondary importance in the case of recombination of electrons 
with diatomic ions. This latter recombination evidently is 
made stable by the absorption of the electron’s kinetic energy 
in vibration and rotation levels of the diatomic molecule. Sup- 
port of this hypothesis is found in the fact that for electrons 
and ions of 0.04 e.v. average energy, the recombination coeffi- 
cient for He is a=2.5X10- (ions/cc —sec.)™ while for helium 
the value of @ is only 1.7 X 10-8 (ions/cc —sec.)~. The variation 
of a with gas pressure and temperature has been studied. 

* This work has been supported in part by the Signal Corps, the Air 
Materiel Command and ONR. 

1M. A. Biondi and S. C. Brown, ‘‘Measurements of Positive Ion-Electron 


Recombination’’"—paper presented at A.P.S. Meeting, Washington, D. C. 
in April, 1949. 


C4. Measurements on the Imprisonment of Resonance 
Radiation in Mercury Vapor. D. ALPERT, A. O. McCousrey, 
AND T. HOLSTEIN, Westinghouse Research Laboratories.—The 
rate of escape of imprisoned resonance radiation was deter- 
mined by measuring the rate at which resonance radiation 
emerged from a column of mercury vapor after a beam of 
exciting light was cut off. The emerging scattered light was 
detected by a photomultiplier and the resulting decay signal 
displayed on a properly synchronized oscilloscope. Measure- 
ments of the decay time, 7, were carried out over a range of 
vapor densities, N, from 3X10" to 210! atoms per cc. In 
the region of Doppler broadening (V<3X10"/cc) the meas- 
urements are in good agreement with theory.! In the density 
range between 3X 10!* and 10!7/cc, two time constants were 
observed. Above this range, the longer decay process, which 
is perhaps to be attributed to the presence of excited molecules, 
predominates. 


1T. Holstein, Phys. Rev. 72, 1212 (1947). 


C5. Self-Broadening of Monatomic Resonance Lines. T. 
HoLsTEIN, Westinghouse Research Laboratories.—The self- 
broadening of the resonance lines of monatomic gases is 
treated from the standpoint of the statistical theory of Kuhn 
and Margenau. In the calculations, explicit account is taken 
of the degeneracy of excited and ground states. The results 
apply to the wings of a resonance line, for which the statistical 
theory should be valid and for which frequency shifts due to 
binary collisions alone need be considered. One obtains for the 
spectral distribution a symmetrical ‘‘dispersion” expression of 
the form 


P(v)=uL(Ne*f)/(2xmro)]/(» — v0), 


where N is the density of normal atoms, f the absorption 
oscillator strength of the line, and » a dimensionless function 
of the optical transition involved. In particular, for transitions 
of the type (1:So—**P1), (#S12—?P 1/2), and (?Si1/2—*P 3/2), u takes 
on values 2/9, 1/3, and 0.2561, respectively. The theory is 
compared with measurements"? on the self-broadening of 
alkali resonance doublets. 


1Shang-Vi Ch’en, Phys. Rev. 58, 884 (1940) (Rubidium). 
? Chris Gregory, Phys. Rev. 61, 465 (1942) (Caesium). 


C7. A Method for Determining the Average Energy of 
Electrons in a Gas Discharge.* LAWRENCE J. VARNERIN, JR. 
AND SANBORN C. Brown, Massachusetts Institute of Technology. 
—The gas in a resonant cavity will break down when the losses 
of electrons to the walls are replaced by ionization in the body 


457 


of the gas. With an a-c field applied, the breakdown depends 
upon the coefficient of diffusion of electrons, D. If a small d-c 
sweeping field is applied, it will depend, as well, upon the 
coefficient of mobility of electrons, u. Breakdown measure- 
ments with d-c fields and without d-c fields applied then per- 
mit a determination of the ratio D/u. This quantity is a direct 
measure of the average energy of electrons in a gas. It is given, 
as well, by the ratio of the first Townsend ionization coefficient 
n, to the a-c ionization coefficient, ¢. Results for helium will 
be presented. 


* This work has been supported in t by the Signal Corps, the Air 
Materiel Command, and ONR. — mats - 


C8. High Frequency Breakdown in Magnetic Field.* BEN- 
JAMIN Lax AND SANBORN C. Brown, Massachusetts Institute 
of Technology.—The condition for breakdown in a gas is ex- 
pressed as a balance between the number of electrons produced 
by ionization and those lost by diffusion. A magnetic field 
which is transverse to the applied microwave field has two 
principal effects upon the electrons in a gas discharge. The 
energy transferred to the electron between collisions from a 
constant electric field shows a resonance character whose maxi- 
mum occurs when the “cyclotron” frequency is equal to r-f 
frequency. The second effect is a reduction in the diffusion of 
the electrons to the walls. These effects become more and more 
significant at lower pressures, resulting in startling reduction 
of breakdown voltages near resonance. A brief description of 
the apparatus and the methods used in obtaining the experi- 
mental results will be presented. The results observed in air 
and helium will be shown. The curves for the latter gas are 
compared with those obtained theoretically. 


* This work has been supported in t by the Signal Corps, the Air 
Materiel Command, and ONR. ans wy 7” 


C9. Electric Breakdown in CO, from Low Pressures to the 
Liquid State.* D. R. Younc, Massachusetts Institute of Tech- 
nology.—Carbon dioxide, with a critical temperature of 31°C, 
allows the investigation of the change from the gaseous to the 
liquid type of electric breakdown during a continuous change 
in the density. Paschen’s similarity law has been verified at 
low pressures. At high pressures, small departures are observed 
for long gap-lengths and large departures for small gap-lengths. 
Simultaneously the scatter of the breakdown voltage becomes 
independent of illumination and the breakdown strength de- 
pendent on the cathode material. This seems to be due to the 
onset of field emission. Measurements of pre-breakdown cur- 
rents have yielded values for the Townsend first coefficient (a) 
as well as for the field emission constants. For small gap- 
lengths the current is higher than predicted by the normal field 
emission equation, indicating some new process which becomes 
effective at short gap distances. The transition from gas to the 
liquid state does not produce a discontinuous change of the 
breakdown voltage. 


* Sponsored by ONR, the Army Signal Corps, and the Air Force under 
contract N5 ori-07801. 


C10. Measurement of Temperatures in Complex Flame 
Structures by High Resolution Spectroscopy of the Sodium 
D-Lines, I. F. P. Bunpy anp H. M. StronG, General Electric 
Company.—Sodium atoms in a flame of reasonable thermo- 
dynamic equilibrium radiate and absorb as thermally excited 
oscillators in equilibrium with the flame gases. Therefore, the 
brightness at any particular wave-length within the intensity 
contour of a sodium line depends only on the temperature and 
the emissivity of the flame for that particular wave-length, 
and the black body brightness is the observed brightness di- 
vided by the emissivity. The brightness may be measured by 
photographic densitometry, and the brightness scale calibrated 
by use of a standard uniform flame or arc of known tempera- 
ture. The necessary high resolving power is conveniently at- 
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tained by use of an interferometer. The emissivity may be 
determined by comparing the brightness of the mirrored and 
unmirrored flame or by measurements of the spectral line 
width. Some of the advantages of the method are that the 
temperature distribution in a complex flame structure can be 
mapped from one photograph, the temperatures of submerged 
zones can be determined with considerable accuracy, and the 
temperatures of flames hotter than can be matched with con- 
ventional comparison lamps can be measured. The method is 
subject to the usual difficulties of high resolution spectroscopy 
and photographic densitometry. 


Cll. Measurement of Temperatures in Complex Flame 
Structures by High Resolution Spectroscopy of the Sodium 
D-Lines, II. H. M. StRoNG AND F. P. Bunpy, General Electric 
Company.—The measurement of flame temperature by the 
conventional sodium line reversal method does not enable 
one to analyze the temperature structure in a complex flame 
or to measure temperatures higher than that of the hottest 
incandescent comparison radiator obtainable, the carbon arc. 
This method makes use of the sodium line reversal principle 
but uses a bright sodium vapor lamp as the comparison radi- 
ator. The observation of the match point is made photographi- 
cally through a Fabry-Perot interferometer instead of the 
visual low resolving power spectroscope. The sodium lines are 
then fully resolved. Reversal temperatures can be observed 
for different parts of the flame structure. The photographs also 
enable one to measure the absorption by the flame at selected 
positions on the sodium line contour. The reversal tempera- 
tures together with absorption data enable one to compute 
the temperatures of inner zones of the flame. This method 
requires the photographic measurement of intensity and is 
attended by the usual difficulties in measurements of this kind. 


Semi-Conductors, Phosphors, Ferroelectricity, 
Ferromagnetism 


D1. Thermionic Emission of (BaSr)O without Metallic 
Support. GreorGE E. Moore, Bell Telephone Laboratories.— 
To define problems associated with oxide cathodes, experi- 
ments have been performed in this laboratory on systems 
analogous to the oxide cathode but simpler physically and 
chemically. D. E. Wooldridge suggested the present experi- 
ment intended to eliminate effects associated with support 
metals, such as interface phenomena and various products of 
chemical interaction between (BaSr)O and support metal 
(including impurities); effects often thought responsible for 
high emission in oxide cathodes. The ideal sought is (Ba Sr)O 
isolated from foreign metal but in a structure permitting 
thermionic observations. To achieve this ideal, (Ba Sr)O ap- 
plied to the outer surface of an internally heated MgO ceramic 
1 mm thick, is capacitatively coupled to a Mo electrode inside 
the MgO and connected to the voltage source. No reaction 
apparently occurs between MgO and (Ba Sr)O and this struc- 
ture is believed an approximation to the ideal desired. Al- 
though some questions require further investigation, emissions 
between 3 and 10 ma/cm? at 850°C have been observed in 
early experiments. Although low relative to the usual oxide 
cathode, this is enormous compared either to clean refractory 
metals or to the uncoated ceramic. To avoid charging effects, 
emission was measured in microsecond pulses using a high 
gain wide-band amplifier developed by R. W. Hull. 


D2. Secondary Emission from Silicon and Germanium 
Oxides. H. E. MENDENHALL, Bell Telephone Laboratories.— 
Thin films of evaporated silica about 100A thick have been 
studied as secondary electron emitters. When backed by com- 
mercially pure platinum and after heating from 700° to 1000°C, 
a secondary emission ratio of 4.5 at 500 volts bombarding 
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energy is developed. When backed by pure tantalum that had 
previously been outgassed to 2000°, the highest 5 obtainable 
was only 1.59 at 650 volts due possibly to the lack of impurity 
activators. A very pure germanium oxide film sprayed on well 
outgassed tantalum showed charging of the surface when 
bombarded at room temperature. The highest 5 observed was 
1.35 at 500 volts energy at a target temperature of 850°C. 
Upon heating to 1150°C for over 10 hours the film which was 
1 mg/cm? in thickness evaporated off leaving the 6=1.31 at 
650 volts at any temperature from room temperature up to 
850°C. The crossover voltages for 6 equal to unity were now 
282 and 2850 close to reported characteristics for clean tanta- 
lum. The work was continued with “‘pure’”’ germanium dioxide 
backed with commercially pure platinum to obtain a greater 
supply of activators. After heating to 700° and 850°C for about 
an hour, secondary emission ratios from 5 to 6 were obtained 
at about 700 volts bombarding energy. 


D3. Electron Injection in P-Type Germanium.* RaALPa 
Bray, Purdue University.—Decreases in resistance of N-type 
germanium under high field pulse conditions! are apparently 
due to the injection of holes from the positive contact.? To 
explain similar resistance decreases! in P-type germanium, the 
voltage distribution along the sample was determined by probe 
methods when five microsecond constant current pulses were 
applied through soldered end contacts. The largest and most 
rapid resistance changes were found near the negative contact, 
indicating that electrons are injected from the negative contact. 
Only small negative space charge was measured, indicating 
that the hole density increases to compensate for increased 
electron density. Hall effect measurements using high field 
pulses corroborate the increased electron concentration. Super- 
imposing a transverse magnetic field, H, produces magneto- 
resistive effects which are largest near the positive contact, 
indicating that H decreases the electron penetration depth. 
This may be due to deflection of the holes and electrons to the 
same surface, increasing the local concentration there, and 
hence the recombination rate. A P-type transistor was made 
using negative emitter and positive collector dcteetn, in 
application of the electron injection effect. 


* Work supported by Signal Cor 
1 Ralph Bray, Phys. Rev. 74, 1218 (1948); Bray, Lark-Horovitz, and 


Smith 72, 530 (1947). 
3H. J: Ryder and W. Shockley, Phys. Rev. 75, 310 (1949). 


D4. The Barrier Layer on P-Type Germanium.* H. Y. Fan 
AND R. Bray, Purdue University.—Surface states on high 
resistivity N-type germanium appear to fix the Fermi level 
at the surface close to the top of the full band. This produces 
a P-type surface inversion layer, and makes possible a large 
inward flow of holes in the forward direction.! The large in- 
crease in conductivity produced by electron injection in P-type 
germanium? (p~2 ohm-cm) with soldered contacts, suggests 
that in this case the Fermi level at the surface is close to the 
bottom of the empty band, producing an N-type inversion 
layer. P-type rectification and photovoltaic effects* have been 
obtained with certain soft metal whiskers on etched high 
resistivity samples indicating that also in these cases the Fermi 
level at the contact is not close to the full band. However 
tungsten whiskers give poor rectification. According to contact 
potential measurements by Benzer! the Fermi levels at free, 
etched surfaces of P- and N-type germanium samples in air 
lie within 0.1 ev of each other. The barrier layer in P-type 
germanium therefore seems to be influenced by the metal 
contact. 

* Work supported by Signal Corps. 

1 J. Bardeen and W. H. Brattain, Phys, Rev. 75, 1208 (1949). 


2 Ralph Bray, see companion abstract. 
*R. Bray and K. Lark-Horovitz, Phys. Rev. 71, 141 (1947). 
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D5. The P-Type Germanium Transistor. W.G. PFANN AND 
J. H. Scarr, Bell Telephone Laboratories.—The transistor 
effect described by Bardeen and Brattain for n-type ger- 
manium! has been found in p-type germanium. In the p- 
germanium transistor the emitted carriers are electrons and 
the collector is biased positively with respect to the base, in 
contrast to the m-type device wherein the carriers are holes 
and the collector is biased negatively. As in the n-germanium 
transistor amplification of power occurs both by impedance 
step-up and by current multiplication (a >1). p-germanium of 
moderately high resistivity was used. It was produced by the 
thermal conversion of high back voltage n-germanium.? Prepa- 
ration of the germanium surface and electrical forming fol- 
lowed generally procedures described for high back voltage 
germanium rectifiers. The point-contact electrodes were of 
phosphor bronze. As compared with the n-germanium transis- 
tor, a’s'! were lower and cut-off frequencies were higher. The 
latter may be attributed in part to the fact that the mobility 
of electrons in germanium is higher than that of holes. 

1J, Bardeen and W. H. Brattain, Phys. Rev. 74, 230 (1948). 
~ J x4 Scaff and H. C. Theuerer, NDRC Report 14Sr1408-555, October 


3 Torrey and Whitmer, Crystal Rectifiers (McGraw-Hill Book Company, 
Inc., New York, 1946). 


D6. Electrical Properties of Crystal Grain Boundaries in 
Germanium. G. L. PEARSON, Bell Telephone Laboratories.— 
As ordinarily prepared high back voltage germanium ingots 
contain numerous crystals oriented in varied directions. A 
study of the electrical properties of the grain boundaries in 
n-type material indicate a high localized resistance which 
shows a reverse saturation characteristic when the applied 
potential is poled in either direction. When illuminated by a 
fine spot of light a photo-current is produced which reverses 
in direction as the light spot is moved across the boundary. 
The direction is such that electrons flow away from the bound- 
ary (holes flow toward the boundary). After the sample has 
been converted to p-type by heat treatment the localized 
resistance at the grain boundary is gone and the photo-current 
is that of a homogeneous sample. These data are consistent with 
the idea that the boundary represents a concentration of ac- 
ceptor centers. It is possible that these centers are due not to 
chemical impurities but instead to misfit between the crystals. 
The presence of such a layer of p-type material would account 
for both the rectifying and photoelectric effects observed when 
the rest of the material is n-type. After conversion to p-type, 
the layer would become a thin region of low resistance which 
would be difficult to detect. 


D7. Modulation of the Resistance of a Germanium Fila- 
ment by Hole Injection. W. SHocKLEy, G. L. PEARSON, M. 
SPARKS, AND W. H. Brattain, Bell Telephone Laboratories.— 
When an emitter point contact to m-type germanium operates 
in the forward direction, a substantial fraction of the current 
consists of holes. We have been able to determine this fraction 
and also to measure the lifetime of the holes by injecting holes 
into a thin filament of germanium having a cross-section of 
about 0.01 cm X0.01 cm. In addition to the current injected 
by the emitter near one end of the filament, an additional 
current flows from end to end sweeping the holes into one end 
of the filament. The space charge of the holes is compensated 
by an increased concentration of electrons and the net increase 
in carriers lowers the resistance of the filament. From measure- 
ments of the lowered resistance, the added concentrations of 
holes and electrons and the individual contributions of holes 
and electrons to the current can be found. From these 
measurements we conclude that for several cases the emitter 
current is more than 90 percent holes and that the hole life- 
time is about 0.8 microseconds. The holes probably recombine 
on the surface and longer lifetimes would be found in larger 


structures. Filamentary transistors utilizing this resistance 
modulation have operated with point and p—n } penetien 
emitters. 


D8. Effect of X-Rays on the Absorption and Luminescence 
of Alkali Halide Phosphors. James H. SCHULMAN, ROBERT J. 
GINTHER, CLiFForp C. KLick, AND LyLE W. Evans,* 
Naval Research Laboratory.—Experiments on the effect of 
x-rays on the luminescence of alkali halide phosphors are 
reported. Particularly interesting phenomena were found with 
NaCl:(Pb+Mn) previously shown to be a sensitized lumi- 
nescent system (excitation peaks, 2500A-—2900A; emission peak 
in orange-red).! In addition to F-center coloration and a long- 
lived phosphorescence, X-irradiation produces the following 
changes in phosphor properties: (1) the phosphor no longer is 
excited by the above mentioned ultraviolet wave-lengths; (2) a 
grey coloration remains after the F-centers are bleached by 
light; (3) a red luminescence is excited by irradiation into the 
F-band immediately after x-ray treatment. The first two ef- 
fects are permanent; the last, transitory. Transmission meas- 
urements show that x-rays erase the Pb**-induced ultraviolet 
absorption band. ‘Killing’ of the original u.v.-excited lumi- 
nescence is thus due to a change in state of the Pb* sensitizer, 
the grey visible absorption indicating this change to be: 
Pb*t?+Pb°. Heating removes the grey coloration and restores 
the characteristic Pb** ultraviolet absorption band. Making 
use of the first two effects above, permanent X-radiograms 
can be obtained on NaCl: (Pb+Mn) screens. 

1Schulman, Burstein, Evans, Ginther, and White, Bull. Am. Phys. Soc. 
24 No. 4), 25 (1949), paper Qi. 


* Present Address: Sylvania Electric Products, Inc. Emporium, Penn- 
sylvania. 


D9. Spontaneous Polarization of BaTiO; Single-Domain 
Crystals.* W. J. MERZ, Massachusetts Institute of Technology. 
—The spontaneous polarization P of BaTiO; single-domain 
crystals was measured as a function of temperature. At the 
Curie point, P, increases with decreasing temperature as it 
does for KH2PQ,, but much steeper than the Langevin theory 
predicts. Analogous to the other ferroelectrics one finds the 
spontaneous polarization and the crystal lattice deformation 
correlated in that Aa/a and Ac/c are proportional to P,?. This 
is explained by the fact that the piezoelectric constants d3; and 
d33 are zero above the Curie point and proportional to P, below 
it. At lower temperatures P, is smaller than expected, ap- 
parently due to antiparallel domains and internal strains. This 
argument is substantiated by the behavior of the birefringence 
An which is exactly proportional to Ac/c but not to P,? in this 
lower temperature region. At the transition point near 0°C 
a sudden drop of P, of about 1/v2 proves again the assumption 
that this transition results from a change of the polar axis 
from [001] to [011]. A further drop of P, occurs at the —80°C 
transition when the polar axis changes to [111]. 


* Sponsored by ONR, the Army Signal Corps, and the Air Force under 
contract. 


D10. Dependence of the Intensity of Magnetization and 
the Curie Point of Certain Iron Oxides Upon the Ratio of 
Fet+/Fet**+.* Louts R. MAXWELL AND J. SAMUEL SMART, 
Naval Ordnance Laboratory, AND STEPHAN BRUNAUER, Bureau 
of Ordnance.—The saturation intensity of magnetization (J,) 
of certain unreduced iron oxide catalysts having variable ratios 
(y) of Fe++/Fet++ was measured! at room temperature with 
a High-H Permeameter* at a maximum applied field of 10,000 
Oersteds. Starting at y =0.352, J, was found to increase with 
increasing y to a maximum at y=0.50, agreeing with the 
known value for magnetite, and then decrease to a small value 
of I, for large y. Extrapolating back to y =0, J, agrees approxi- 
mately with the value for cubic Fe2O;. The value found for J, 
at y=0.352 is in agreement with Néel’s theory? of “‘ferrimag- 
netism” as applied to Fe2O; and Fe;0,. Curie Point (@) deter- 
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minations‘ made at an applied field of 3000 Oersteds for y 
from 0.352 to 1.276 showed @ to be constant to within a few 
degrees and to have the same value as for pure magnetite 
(about 583°C). 


* Work partially supported by ONR. meee 
1 Measurements of the intensity of magnetization were made at the 


National Bureau of Standards under the direction of Mr. R. L. Sanford. 

2 The apparatus used is described by R. L. Sanford and E. G. Bennett, 
J. Res. N.B.S. 26, January 1941. 

3 Louis Néel, Annales de Physique 3, 137 (1948). 

4For the method used see L. R. Maxwell and S. Brunauer, Bull. Am. 


Phys. Soc. 24 (No. 4), 21 (1949). 


Dll. Magnetic and Electric Properties of Magnetite Single 
Crystals.* C. A. DomENICALI, Massachusetts Institute of Tech- 
nology.—Magnetite, according to previous investigators 
(Weiss, Verwey and de Boer, Okamura, Li, and others), has 
a low temperature transition (ca. —160°C), in which region 
its properties change abruptly. The magnetic and electric 
behavior of natural and synthetic single crystals has been in- 
vestigated by the author, especially in this transition range. 
Besides substantiating the earlier findings, a number of addi- 
tional effects have been observed of which the following seem 
to be the most interesting: (1) the behavior of the magnetiza- 
tion in the transition region depends upon the magnetic treat- 
ment while cooling through the transition, and is different for 
different crystallographic directions; (2) after cooling through 
the transition region in zero external magnetic field, all three 
principal crystallographic directions become difficult to mag- 
netize; (3) Barkhausen experiments for temperatures below 
the transition show that most of the magnetization may result 
from domain rotation; (4) there is only a very small Barkhausen 
effect noticeable in the vicinity of —145°C, where the crystal 
becomes magnetically isotropic; the noise increases greatly as 
the transition is approached; and (5) the longitudinal satura- 
tion magnetostriction along [111] appears to change upon 
cooling through the transition. 


* Sponsored by ONR, the Army Signal Corps, and the Air Force under 
contract. 


D12. Fringe Fields of Ferromagnetic Domains. L. MARTON 
AND S. H. LACHENBRUCH, National Bureau of Standards.— 
Experiments have been undertaken to determine quantita- 
tively, by electron optical means, the field emerging from 
single domain walls in ferromagnetic substances. The method 
used is the bright-field shadow technique,! an outgrowth of 
the electron optical ‘‘Schlieren’’ method described earlier.? A 
more or less parallel beam of electrons was passed normal to 
the edge of a single crystal of cobalt.? The faces of the crystal 
intersect at right angles and are oriented at 45° to the beam. 
Measurements were taken on the shadow patterns so obtained, 
and the approximate fringe field calculations were based upon 
certain simplifying assumptions, namely, (1) that the domain 
boundaries are rectangular, (2) that adjacent domain surfaces 
have uniformly distributed magnetic properties, (3) that the 
domain walls have finite thickness. Quantitative values of 
fringe fields will be reported. 

1J. App. Phys. 19, 863 (1948). 

2 Phys. Rev. 73, 1475 (1948). 


; * Cobalt crystal on loan from Dr. R. M. Bozorth, Bell Telephone Labora- 
ories. 


Theoretical Physics and Some Experimental 
Nuclear Physics 


Hl. The Helium Wave Equation. James H. BarTLeTT, 
University of Illinois—The wave equation for the normal 
state of helium has been written by Gronwall in the form 
V*°p+ (1/z)(dp/dz)+(1/4r)(E—V)y=0. If we let y=eF, and 
s=rt, it is possible to find a formal series for F in ascending 
powers of s, namely F= F\s+ F,s*- --, An analytical expression 
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for F; has been found, and a possible F2 has been calculated 
numerically. This procedure gets one away from the origin, 
and the integration can be continued outwards indefinitely, 
provided we are given E and two other adjustable parameters. 
The function y will have a node if E is greater than the lowest 
eigenvalue, and no node if E is below it. This enables us to 
enclose the lowest eigenvalue between two bounds, and to 
make their separation as small as we wish. Practical satisfac- 
tion of the boundary condition on y¥ will be achieved by push- 
ing the node outwards to larger and larger distances. 


H2. A Field Formalism without Self-Action. T. A. WELTON, 
University of Pennsylvania.—It appears possible to interpret 
all physically real corrections to electrodynamic phenomena 
as arising from the action of the zero-point fluctuations of the 
electromagnetic field on the variables of the electron-positron 
field, or the reverse. If this is true, it seems somewhat pointless 
to use a formalism which contains other, unwanted effects, 
which must later be subtracted. A formalism has been de- 
veloped in which a quantized electromagnetic field is allowed 
to act on the electron-positron field, but the motion of the 
quantized field is not affected by the charge-current vector. 
Instead, the interaction of particles is accounted for by a time- 
symmetric, unquantized interaction plus the quantized ‘‘free”’ 
field. The spontaneous emission probability is given in a 
trivial way. It seems likely that an improved treatment of the 
electron-positron field can be given along the same lines. For 
lack of such a treatment, however, the time-symmetric sub- 
traction for the induced charge and current, previously de- 
scribed by this author,! has been used to accomplish the same 
result in a natural fashion. The mean-square fluctuation in 
position for a free electron is being calculated according to this 
formalism, and the result for the Lamb shift will be reported. 


1T. A. Welton, Phys. Rev. 75, 1321 (1949). 


H3. Internal Coordinates of a Particle. H. C. Corsen, 
Carnegie Institute of Technology.—lIf we ascribe to a particle 
four internal coordinates X* and conjugate momenta P, and 
suppose the particle to be a four-dimensional oscillator, its 
internal state ¥(X“) is an eigenfunction of (PaP*+s)y =m, 
where s=X,_X%, the unit of length A being related to the force 
constant of the oscillator. For s>0, well-behaved solutions for 
1=0, 4, 1, 9, 2 are (Wnr)ag... =Iag...s'e~*/*Ln412441(s), where 
IIqg... is the product of 2/ unit orthogonal four vectors and 
n+lis an integer 2 2/+-1. For given n, there are four independ- 
ent solutions for / = 4, six for] =1 etc., with parity (—1)**. If an 
internal spin operator is defined by Lag=}(XaPs—XpPa) 
these correspond to particles of spin /4. The exponential factor 
indicates that the particle is spread out in the neighborhood 
of the light cone through its center by an interval of order ), 
requiring for its complete specification the ingoing and _out- 
going waves physically needed ‘to observe it. The eigenvalues 
m are 274(n’+-/)4e?\-1c-?, where n’ assumes positive integral 
values. The stable elementary particles do not fit into this 
simple model and it is not possible from this to determine }. 


H4. The Spin Dependence of Nuclear Forces. ALEX E. S. 
GREEN, University of Cincinnati.—If two fermions are coupled 
five vectorially (scalar+four vector) witha five vector field then 
the chief explicit interaction will be Vas=(1—fa8s —@a-@s)J. 
This simple Diracian form has the following interesting prop- 
erties: (a) The non-relativistic terms cancel; (b) Its Pauli 
equivalent to the order v?/c? contains static, spin-spin, and 
tensor interactions as well as velocity dependent interactions; 
(c) The detailed physical conclusions deduced from it will be 
very sensitive to effects which are small compared to J. 
Numerous possible small effects will be discussed. Some of 
them lead to interactions which appear suitable for nucleons. 
Thus the strong spin dependence of nuclear forces may be due 
to relativistic forces which become important if the large non- 
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relativistic forces tend to cancel. Although conceptually simple 
this approach unfortunately brings to the fore the host of 
unsolved problems associated with relativistic effects. The 
greatest of these, namely the divergent interactions and infinite 
self energies, do not arise however, if J is our generalized meson 
potential (Phys. Rev. in press). 


H5. Internal Pair Formation. M. E. Rose, Oak Ridge 
National Laboratory.—The electron-positron angular correla- 
tion and total conversion coefficient has been calculated for 
internal pair formation and for arbitrary multipole order of 
the electric and magnetic radiation fields. The Born approxi- 
mation is used and in the region of greatest experimental 
interest, ZS40 and gamma-ray energy~2.5 Mev, the conse- 
quent error should be negligible. Numerical results for multi- 
pole fields of order 2' with ]=1—5 show that the ratio of total 
number of pairs formed with the angle between the particles 
equal to 0 (or a convenient small angle) and 2/2 is sufficiently 
sensitive with / to determine multipole order. The total pair 
formation coefficient, in the region of interest, is of order 10-* 
but is not quite so sensitive with /. 


H6. Positon Theory. FREDERIK J. BELINFANTE, Purdue 
University—From the conventional expressions of Dirac’s 
electron theory for charge, energy and momentum densities 
and currents, in positon theory usually certain trivial infinite 
c-numbers are subtracted. For the proof of the Lorentz- 
invariance of the commutation relation in the quantum theory 
of wave fields, one often makes use of the fact that infinitesimal 
Lorentz-transformations can be represented by commutations 
with a certain operator. The commutation of a c-number with 
such operator, however, gives zero. Thus the infinite c-numbers 
subtracted in positon theory would behave like scalars, con- 
trary to the tensor-behavior of the quantities in question. 
Thus these quantities cannot properly be considered as be- 
having like tensors both with and without subtraction. Fortu- 
nately, a direct check shows their correct tensor behavior after 
these subtractions. Statements about the transformation- 
behavior of the conventional uncorrected expressions may then 
be considered as meaningless, since those quantities them- 
selves by their divergence are meaningless. It might only be 
objected that also after the subtraction of these trivial infinities 
so many other infinities remain to be subtracted by some of the 
ad hoc methods proposed for such purposes, that even the 
proof of the tensor-character of the ‘“‘corrected”’ expressions 
remains doubtful. 


H7. Capture of w- Mesons by Deuterons. IRVING STEIN 
AND L. I. ScuirF, Stanford University—An investigation of 
the capture reaction of a w~ (light) meson by a deuteron to 
yield two neutrons and a neutrino has been started, with the 
object of determining the dependence of the absolute rate of 
reaction and the emitted neutron spectrum on the meson 
coupling, the neutron-proton interaction and the neutron- 
neutron interaction. A preliminary result has been obtained, 
for the simplest case of scalar coupling when meson and neu- 
trino are Dirac particles, under the assumption of zero range 
of nucleon interactions. Low but unequal neutron energies are 
favored in this case, and the life time for capture (ignoring 
decay) of a meson in its lowest Bohr orbit about a deuteron 
is about seven times that for a meson similarly bound to a 
proton. 


H8. On the Vector Meson-Photon Interaction. GEORGE J. 
YEVICK, Stevens Institute of Technology.—Using the powerful 
methods developed by Feynman, we shall discuss the mass- 
term as the simplest illustration of these methods for the inter- 
action between vector mesons and photons. The calculations 
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are somewhat involved because of the complicated nature of 
the interaction Hamiltonian.! The relation of these considera- 
tions with the conventional second-order perturbation theory 
will be discussed. 


1 Kanesawa and Tomonaga, Prog. Theo. Phys. 3, 101 (1948). 


H9. Nutation of the Nuclear Magnetic Moment.* Erwin 
L. Haun, University of Illinois Transient oscillations pre- 
dicted by the quantum mechanical treatment! of a free spin 
in a large D.C. magnetic field Ho and small perturbing r-f 
field H; have been experimentally confirmed in the liquid 
state using the method of nuclear induction.? An ensemble of 
spins, when suddenly subjected to an r-f field H; (which is 
left on) at angular frequency w, behaves like a nutating class- 
ical macroscopic magnetic moment? if w has the resonance 
value yHpo. In the coordinate system rotating at frequency w 
a precession of the magnetic moment takes place about the 
r-f field H; (stationary in this system) at frequency w:=yHi, 
which is seen as a nutation in the laboratory system. Nutation 
frequencies have been measured from as low as 5 c.p.s. up to 
1 kc for the H! and F!* nuclei in various liquid compounds. 
The time rate of decay of the nutations gives information 
about spin-spin coupling within molecules, revealing the na- 
ture of the chemical bond, independent of external field 
inhomogeneities. For H, intensities sufficiently large, nutation 
signals with periods shorter than the phase memory time 72 
are larger in amplitude than steady state resonance signals. 

* Work done under auspices of ONR. 

1]. I. Rabi, Phys. Rev. 51, 652 (1937). 

2 Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 


3N. Bloembergen, Nuclear Magnetic Relaxation (Monograph published 
by Martinus Nijhoff, The Hague, 1948). 


H10. Nuclear Gyromagnetic Ratios. WILLIAM H. CHAMBERS 
AND DUDLEY WILLIAMs, Ohio State University.—Using the 
super-regenerative oscillator techniques described in earlier 
reports, we have observed radiofrequency resonance absorp- 
tion peaks for Be®, P#!, Cl®, Rb®, Cs!3, and La!® in a magnetic 
field in which the proton resonance is observed simultaneously. 
Preliminary results are given below: 


Resonance Frequency 
Resonance Frequency of Proton 


0.14034 +0.00007 





Nucleus 


«Be? 
15P%1 
i17C]85 
a7Rb 
ssCgi33 
s7Lal® 


0.09661 +0.00004 
0.13093 +0.00014 
0.14116 +0.00014 


H11. Proton-Proton Scattering Experiment at 250 Mev. 
CHARLES L. OXLEy, University of Rochester —Apparatus has 
been developed for use in the tank of the Rochester synchro- 
cyclotron to measure proton-proton scattering with the un- 
deflected beam. A polyethylene target is used with coincidence 
counters detecting the scattered and recoil —p protons ac- 
cording to the scheme of Wilson and Creutz.! The counters are 
of scintillation type with light pipes to phototubes in the 
region of low fringing field. A measure of the incident beam of 
protons is obtained by observing the beta activity induced in 
the target by the reaction ** C"(p, pn)C™. Preliminary experi- 
ments at full cyclotron energy (240 Mev) and at a laboratory 
scattering angle of forty-five degrees show that the p—p 
scattering is detected efficiently against background. Cross 
sections relative to the carbon cross section will be presented. 
The apparatus is being redesigned to cover a range of scatter- 
ing angles. Provision will also be made to move the target and 
counters to smaller cyclotron radii, thus covering the energy 
range down to about 100 Mev. This work is supported by the 
joint program of the ONR and AEC. 

1R. R. Wilson and E. C. Creutz, Phys. Rev. 71, 339 (1947). 


2 W. W. Chupp and E. M. McMillan, Phys. Rev. 72, 873 (1947). 
3E. M. McMillan and R. D. Miller, Phys. Rev. 73, 80 (1948). 
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H12. Self-Absorption and Backscattering of Soft Beta- 
Radiations.* L. E. GLENDENIN, Massachusetts Institute of 
Technology, AND A. K. SoLomon, Harvard Medical School.— 
Self-absorption and backscattering effects of the soft 6-radia- 
tions of S* (0.17 Mev) and Ca“ (0.26 Mev) have been investi- 
gated, using isotopes obtained from Oak Ridge. By comparison 
of weightless sources evaporated on thin collodion films (~20 
ug/cm?) with identical sources on “infinitely thick” backings 
of various metals (Be, Al, Fe, Cd, Pb), the variation of back- 
scattering with atomic number was determined. As first noted 
by Yaffe, a marked increase (factor of ~1.5) in backscattering 
was observed when the source was evaporated directly on the 
metal surface as compared with an equal source first evapo- 
rated on a thin collodion film and then placed against the 
metal, e.g., for S® on Pb a backscattering effect of 90 percent 
was obtained in the former case as compared with 60 percent 
in the latter. Self-scattering (internal backscattering) as a 
function of the average atomic number of the sample was also 
determined for S* by intercomparison of the counting rates of 
thick samples of benzidine sulfate (average Z=4.5), BaSO, 
(average Z=17.3), and PbSO, (average Z=21.7). The self- 
scattering effect is in approximate agreement with the back- 
scattering curve for sources evaporated directly on metals. 
The self-absorption coefficient for Ca® in CaCO; mounted on 
glass, Al, Fe, and Cu is 0.09+0.01 cm?/mg. The coefficient for 
S*® in benzidine sulfate mounted on Be (Z=4) is uniformly 
0.18+0.01, whereas on Al (Z=13) the coefficient is initially 
0.22+0.01 (due to enhanced reflection by the Al), dropping 
to 0.18 for sample thicknesses >6 mg/cm?. 


* This work has been supported in part by ONR and AEC. 


H13. The Lifetime of Positrons in Matter. JAMEs W. 
SHEARER AND MartTIN DeutscH, Massachusetts Institute of 
Technology.—Delayed emission of annihilation radiation has 
been observed when positrons from Na” are stopped in various 
gases. The time of creation of each positron was marked by 
the 1.3 Mev nuclear gamma-ray from Na®. Delay times be- 
tween 1.81077 and 61077 sec. were used. Preliminary re- 
sults for the mean life r are listed below together with the 
apparent electron cross section o in terms of oo=rro’c. The 
fact that o has about twice the Born approximation value oo 
is probably due to the attraction between positron and elec- 
tron. The tendency for o to decrease with increasing pressure 
may be connected with the slowing down mechanism at very 
low energies or perhaps to the formation of positronium: 


Gas 7 X10? a/oo 

Ne 0.5 atm. 2.6 +0.3 2.8 
1 atm. 1.5+0.15 2.4 

2 atm. 1.0+0.15 1.8 

A 0.5 atm. 2.9+0.6 1.9 

1 atm. 1.6+0.3 1.8 

2 atm. 1.3+0.2 | 

CHsg 1.5 atm. 1.3+0.15 2.7 


* Supported in part by the joint program of the AEC and ONR. 


H14. Multiply Scattered y-Rays: Angular Distribution.* 
L. V. SPENCER AND FANNIE JENKINS, National Bureau of 
Standards. (Introduced by U. Fano.)—In an investigation 
of the angular distribution of multiple scattered gamma- 
rays, the case of an infinite medium filled uniformly with 
a mono-directional source is considered. The solution is 
given by an expansion in zonal harmonics the coefficients 
of which are determined by solving integral equations of the 
following form: y(A)Ni(A)=/ x0 donrNi(d')Pi(1 —A+2’)dr’ 
+Pi(1—A+o)dgrod, where A is the wave-length in compton 
units, d¢’d is the differential compton scattering cross section, 
Ni(A) is the coefficient of the /’th harmonic, and (A) is the 
total absorption coefficient. Numerical computations have 
been made for aluminum, \9=0.1. These show that the solu- 
tion for A>2 has a maximum approximately at @=cos™! 
X (—3+A—Ao) which behaves like a wave traveling back and 
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forth between the poles as \ increases, superposed on a con- 
tinually increasing isotropic distribution. A simple qualitative 
explanation can be given for this result. Computations for 
heavier materials are in progress. 


* Work supported by an ONR grant. 


Nuclear Physics, Mostly Neutron Physics 


Jl. A Search for Some Rare Stable Isotopes.* Henry E.. 


DuckworTH, ROBERT F. BLACK, AND RICHARD F. Woopcock, 
Wesleyan University—The Wesleyan University double-focus- 
ing mass spectrograph has been used to search for rare stable 
isotopes of a number of the heavier elements. A brief descrip- 
tion will be given of the mass spectrograph and of the experi- 
mental procedure employed in this search. Mass spectra will 
be shown for zirconium, palladium, tellurium, gadolinium, 
tungsten, and lead. 


* This work has been done under contract with the AEC. 


J2. Nuclear Energy Levels in N** and N**, L. D. Wyty, 
Yale University.*—The reported mass values for N!* have 
shown large discrepancies as determined from the 8-decay of 
N?6 and from the F!9(ma)N!* reaction. Ammonia, enriched to 
61.5 percent in N'5, has been bombarded with deuterons to 
obtain the Q values of the N'5(dp)N"* reaction. A ground state 
Q value of 0.21+0.15 Mev was obtained, thereby giving a N!* 
mass of 16.01121+0.00023 MU. The Q values for the associ- 
ated N!4(dp)N!5 reaction were also determined and are listed 
in Table I, together with the relative intensity as obtained at 
90° for a deuteron energy of 3.32 Mev. 











TABLE I. 
Mev Relative intensity 
8.61 +0.1 1 
3.29 +0.1 5 
2.30+0.1 2 
1.38 +0.1 25.0 








* Assisted by the Joint Program of the ONR and the AEC. 


J3. The Reactions N(n, p)C“ and He*(n, p)H® and the 
Neutron-Hydrogen Mass Difference. W. FRANZEN,' J. 
HALPERN, AND W. E. STEPHENS, University of Pennsylvania. 
—The pulse height distributions arising from the reactions 
N!4(n, p) and He*(n, p) induced by slow neutrons have been 
studied in a cylindrical ionization chamber containing a puri- 
fied mixture of 2 atmos. A+ 75 atmos. N2+4 atmos. He 
(He*/He*=4.9 X 10-5). The distributions due to N4(n, p) and 
He®(n, p) are well resolved, the ratio of total ionizations being 
1.217. In a separate experiment, the ratio of the total ioniza- 
tions due to N14(n, p) to that of Po-a-particles was found to 
increase, by 3 percent as the concentration of Ne in nitrogen- 
argon mixtures was increased from 10 percent to 100 percent. 
If proportionality between energy and total ionization in pure 
argon is assumed, the energy equivalent of the ionization pro- 
duced by N!4(n, p) compared to that produced by Po-a- 
particles is 628+4 kev, whereas a similar comparison for 
He*(n, p) yields 764+10 kev. The ratio of these values agrees 
with the ratio of the total ionizations due to the two reactions 
obtained when observed simultaneously, and their difference 
agrees with the 8-end points of C4 and H®. If possible sys- 
tematic errors due to the assumption of a constant energy per 
ion in argon are disregarded and the ionization is assumed 
to give the Q values for the reactions, these results give 
n—H=783+4 kev, in good agreement with several recent 
measurements. 


1 Mary Amanda Wood Research Associate. 

? Supported partly by the joint program of the ONR and AEC and aided 
by a grant from the Committee on Advancement of Research of the Uni- 
versity of Pennsylvania. 
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j4. Neutron Distributions in Cylindrical Geometry. 
HENRY FAUL AND CLARK GOODMAN, Massachusetts Institute of 
Technology.*—Thermal and cadmium difference neutron dis- 
tributions from a 1-g Ra-Be source have been measured with 
indium detectors in pipes (4 to 8 in. in diameter) surrounded 
by water and by brines of various concentrations (effectively 
infinite media). The results are of interest in the design of 
orifices in nuclear shields and in the logging of oil wells. The 
axial neutron distribution in the empty pipes is closely ap- 
proximated by a simple exponential at distances greater than 
15 cm from the source. Slowing-down and absorption in an 
average barite drilling mud and in water are almost identical. 
A 2-in. layer of water (or mud) between the logging probe and 
the geological formation effectively obscures the influence of 
the formation, and two }-in. layers of iron separated by } in. 
of water produce a similar effect. Two coaxial iron pipes (4-in. 
and 5-in.) surrounded by saturated brine reduce the thermal 
distribution to within a few percent of the resonance flux. The 
net hydrogen content of the formation can be estimated 
roughly from the resonance data. A single probe can be de- 
signed to measure the intensity and slope of both thermal and 
epithermal neutron distributions. The high thermal capture 
cross section of chlorine permits identification of brine in a 
reservoir rock behind casing under favorable conditions. 


* This is a joint undertaking of the Massachusetts Institute of Tech- 
nology and the ONR. 


J5. Determination of the Phase of Scattering of Neutrons 
and of Incoherent Residual Scattering Cross Sections. P. J. 
BENDT AND I. W. RUDERMAN, Columbia University.—The 
phase in which neutrons are scattered by various elements, and 
the coherent scattering cross sections of these elements, have 
up to now been obtained principally by measurements of the 
intensities of Bragg reflections from suitable crystals. For such 
measurements a crystal spectrometer and an intense neutron 
source such as a pile are needed. We wish to point out that 
similar information can be obtained more readily and directly 
from transmission experiments. In a typical experiment, the 
Columbia neutron velocity spectrometer was used to obtain 
transmission curves for two pure elements and for a substitu- 
tional solid solution of the two, for neutron wave-lengths up 
to and beyond the cut-off wave-length for Bragg reflections, 
de. The cross section vs. neutron wave-length curves in the 
region beyond ),, when extrapolated to zero wave-length, give 
directly the residual incoherent scattering cross sections, or. 
The temperature-dependent part of o, may be determined by 
repeating the transmission experiments at liquid nitrogen 
temperature. The value of o, for the solid solution shows 
whether the two constituent elements scatter neutrons in the 
same or in opposite phases, and gives information about 
order-disorder in the alloy. The Cu-Ni, Mn-Ni, and Mn-Fe 
systems are now being studied. 


J6. Reflection of Neutrons from Magnetized Mirrors. D. 
J. HUGHEs AND M. T. BurGy, Argonne National Laboratory.— 
In a recent investigation of small angle scattering of neutrons 
in iron! the observed deviations were explained as the magnetic 
refraction of neutrons at domain boundaries. According to this 
explanation there should be two indices of refraction for neu- 
trons in iron, and the possibility exists of demonstrating this 
double refraction in a more striking way and of using it for 
the production of polarized neutrons. The present work was 
designed to measure the indices of refraction in iron by obtain- 
ing two critical angles for reflection from an iron mirror and 
to investigate the possibility of producing highly polarized 
beams.of neutrons by reflection. BeO-filtered neutrons (4.4A) 
were used to increase the expected critical angles to 14.2 and 
30.7 minutes for the two spin states. The two critical angles 
have been observed and are in good quantitative agreement 
with theory. The reflection as a function of magnetization 
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direction shows that the classical electron-neutron interaction 
originally used by Bloch? is incorrect. Reflection of the polar- 
ized neutrons produced by one magnetized mirror have been 
reflected from a second mirror to measure the polarization. 


1 Hughes, Burgy, Heller, and Wallace, Phys. Rev. 75, 565 (1949). 
2 F. Bloch, Phys. Rev. 50, 259 (1936); 51, 994 (1937). 


J7. Neutron Spectra from (p, n) Reactions with 16-Mev 
Protons.* P. C. GuGELot AND M. G. Waite, Princeton Uni- 
versity.—By means of track length measurements of proton 
recoils in photographic emulsions neutron spectra are obtained 
from different elements bombarded by 16-Mev protons. 
About 1-Mev thick targets of Be, Al, Fe, and Au have been 
investigated. For each reaction ca. 2000 tracks are measured 
and special exposures made to obtain information about the 
background of scattered neutrons which might distort the 
spectra and to be able to estimate the reliability of the method. 
The neutron spectra can be represented by dN/dE =const. 
X Ee-#/'T for neutron energies E>2 Mev. The values for kT 
decrease from 2.4 Mev for Be, 1.1 Mev for Al, 0.94 Mev for 
Fe to 0.77 Mev for Au. The Be neutron spectrum consists of 
two parts; for neutron energies >4.5 Mev, kT =2.4 Mev and 
for neutrons slower than 4.5 Mev, kT =0.9 Mev. A preliminary 
exposure with a Be target bombarded by 8-Mev protons indi- 
cates that kT may decrease with decreasing energy of the 
incoming proton. This behavior may show that properties 
other than the level-density of the residual nucleus are neces- 
sary to explain the general form of these spectra. 


* Supported in part by the Joint Program of the ONR and the AEC. 


J8. Evidence for Broad Nuclear Energy Levels in Lead.* 
R. K. Apatr, H. H. BarscHatt, C. K. BocKEeLMAN, R. L. 
HENKEL, AND R. E. PETERSON, University of Wisconsin.—The 
total neutron cross section of lead was measured over an 
energy range of from 30 to 750 kev, using an energy spread 
of 10 kev. Certain interesting energy intervals were investi- 
gated with an energy resolution of about 5 kev. The cross 
section was determined by means of simple transmission 
measurements as previously described.! The lead cross section 
diminishes from 12 } at 30 kev to 6 b at 750 kev. Three distinct 
peaks were resolved, which appear to have a natural width of 
the order of 5 kev. They are attributed to elastic scattering 
resonances, most likely resulting from energy levels in Pb?®, 
the compound nucleus formed from the closed shell nucleus 
Pb?*, Two of the peaks, at 350 and 525 kev, are preceded by 
dips, explained as the result of destructive interference be- 
tween resonance and potential scattering. No evidence was 
found for such a dip before the 725-kev peak. No peaks were 
found in bismuth, which was surveyed from 30 to 600 kev 
with a neutron energy spread of 10 kev. 


* This work was supported in part by the AEC. 
1 Adair, Barschall, Bockelman, and Sala, Phys. Rev. 75, 1124 (1949). 


J9. Fast Neutrons from Bombardment with the Cyclotron 
Particles.* A. J. ALLEN AND J. F. Necuaj, Unitversity of 
Pittsburgh, AND K. H. SuN anpD B. JENNINGS, Westinghouse 
Research Laboratories.—The total fast neutron yield, N, from 
thick Be, Al, Cd, Au, and Bi targets bombarded by 15-Mev 
deuterons, measured with a S®(n, p)P® detector,’ was found 
to be (19, 6.4, 1.2, 0.22, and 0.14) 10°/sec./zA, respectively. 
Asa rule of thumb, N may be estimated within a factor of two 
from the nuclear charge, Z, of the target by the relation: 
log N = 10.25 —0.022Z. The angular distribution (0° to +160°) 
shows a pronounced forward peak with angular widths at half- 
intensity of 42°, 42°, 98°, 102°, and 119° respectively (in the 
laboratory system). The total yields for < 7.5-Mev protons and 
30-Mev alphas on thick Be are (0.086 and 14) 10°/sec./uA 
and the angular widths 70° and 80°, respectively. The presence 
of a strong peak in the forward direction only is common in all 
cases studied, irrespective of the type of bombarding particles 
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and target. These measurements are being extended to targets 
of other monoisotopic nuclei as well as commonly used 
elements. 
* Assisted by ONR, AEC, and Research Corporation. 
( 1 fi Nechaj, Sun, and Jennings, Bull. Am. Phys. Soc. 24, No. 4, 36 
1949). 


J10. Neutron Spectrum from N‘5(d, n).* Emmett L. Hup- 
SPETH AND CHARLES P. SWANN, Bartol Research Foundation.— 
Gas targets of normal and of N**-enriched N2O have been 
bombarded with 1.2-Mev deuterons, and the neutron spectra 
have been observed on photographic plates placed at 0° to 
the bombarding beam. Two groups previously reported! from 
N4(d, 2) were observed, with evidence for the production at 
our bombarding voltage of a third group of lower energy. 
Neutron groups from N'5(d, 2) were observed at 11 Mev and 
at approximately 4.5 Mev. The latter group was broader and 
several times as intense as the group at 11 Mev. There is 
evidence for a third group at 2.5 Mev, but it may belong 
entirely to the N“ reaction. Excited states of O"* in the vicinity 
of 6.5 Mev are well known from studies by other experimenters 
of the reaction F!%(p, a) and from the B-decay? of N'!* Our 
results reveal these levels (unresolved), and no lower excited 
state is observed. 

* Assisted by the Joint Program of ONR and AEC. 


1 Stephens, Djanab, and Bonner, Phys. Rev. 52, 1079 (1937). 
2H. S. Sommers, Jr., and R. Sherr, Phys. Rev. 69, 21 (1946). 


Jil. Isotopic Spectra of Lead. THurston E. MANNING, 
Yale University —Using a sample! of lead sulfate from lead 
enriched to 27 percent in the isotope 204, the isotopic shifts 
of several blue and ultraviolet lines in the spectrum of neutral 
lead have been examined. The source used in these investiga- 
tions, a hollow cathode tube especially designed to use and 
conserve small amounts of valuable material, will be described. 
The shifts are of the order of 0.08 wave numbers between suc- 
cessive even isotopes. Analysis with a crystalline quartz 
Lummer plate of 200-mm length and 7.34-mm thickness shows 
that the 204-206 shift is in some cases smaller than the 206-208 
shift by perhaps 10 percent of the smaller (e.g., for 44058 the 
shifts are 0.07 and 0.08 wave numbers). Such results confirm 
conclusions previously drawn from shifts of the odd-numbered 
isotopes that the isotopic shifts in heavy elements cannot be 
explained in any case by the mass difference alone, as has 
sometimes been suggested; the results will be discussed from 
the viewpoint of the nuclear volume effect utilized by Rosen- 
thal and Breit. 


1 Supplied by the Carbide and oo pai Corporation and allo- 
cated by the Isotopes Division, U. S. A 


Papers Not Classed Elsewhere 


K2. Extinction Coefficients for Oxygen in the Schumann 
Region. R. J. LANG anp A. R. J. STEPHENSON, University of 
Alberta.—Absorption measurements have been made in oxygen 
up to pressures of one atmosphere in the region between 2050 
and 1600A by means of a 3-meter vacuum spectrograph. The 
gas was contained in a Pyrex glass cell with fluorite ends which 
was placed just behind the slit. The source used was a spark 
in an atmosphere of nitrogen, and a spectrum very rich in lines 
was obtained from tungsten steel electrodes. Most of the 
known bands of oxygen in the region were found and a few 
new members. By using the oxygen at different pressures it is 
found that Beer’s law does not hold. . 


K3. On Exchange Energy in He; Assemblies. Louis Gotp- 
STEIN AND Max GoLpsTEIN, Los Alamos Scientific Laboratory. 
—An account will be given of a series of studies on the role of 
the identity exchange energy in He; assemblies at liquid Hes 
densities. Using, at the highest density, assumedly near the 
one realized at absolute zero, the free atom individual wave 
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functions together with the well-known He-He mutual poten- 
tial energy, one finds that the exchange energy alone favors 
the parallel alignment of all the nuclear spins (the latter being 
h/2). However, the smaller free particle kinetic energy associ- 
ated with the state of balanced spins as compared with the 
same quantity in the all-spin parallel state compensates, in 
this crude model, for the favorable all-spin parallel exchange 
energy excess over the balanced spin state exchange energy. 
Hence, in this free particle approximation liquid He; has no 
nuclear ferromagnetism. Clearly, no definite conclusion can 
be drawn from the free particle model as to the actual magnetic 
properties of liquid Hes. Other He models are being studied. 


K4. Rotational Dispersion of Ultrasonics in Deuterium and 
Hydrogen.* James L. STEWART AND ELLEN S. STEWART, 
Ruigers University.—Dispersion in the velocity and the associ- 
ated absorption peak for ultrasonics, caused by the failure of 
the rotational degrees of freedom to follow the temperature 
cycle, were observed first in hydrogen and have now been 
discovered in deuterium. Measurements at 303°K in commer- 
cial deuterium (—~0.5 percent impurity) show that the disper- 
sion starts at four megacycles per atmosphere and continues 
to about 100 Mc/atmos., the velocity increasing 9 percent 
above the classical value. These determinations were made 
using a variable-path ultrasonic interferometer with a crystal 
of frequency 1.95 Mc. The pressure was varied from one 
atmosphere to 0.02 atmos. The dispersion region centers about 
20 Mc/atmos. compared with less than 10 Mc/atmos. for 
purer hydrogen. The authors have also found a marked de- 
pendence of the dispersion frequency on very small amounts 
of impurity in the case of hydrogen. This probably applies to 
deuterium also, making any comparison between the two 
premature until the large amount of impurity in deuterium 
has been removed. Since the hydrogen impurity in deuterium, 
which amounts to 0.2 percent, cannot be readily removed, it 
may limit the significance of any comparison. Quantitative 
data on the deuterium and hydrogen velocity and absorption 
curves will be presented and their theoretical interpretation 
discussed. 


* This work was supported by the Rutgers University Research Council. 


K5. Bioelectric Potential Transients Accompanying Closing 
Movements of the Lobes of Venus’ Fly-Trap. Otro StuHL- 
MAN, JR., University of North Carolina.—The method used for 
measuring the bioelectric potentials is a modified Wheatstone 
bridge arrangement designed by Burr, Lane, and Nims for 
measuring slow changes in mammalian potentials. Contact 
potentials of the electrodes across which the bioelectrical po- 
tentials are measured was minimized by using a pair of Ag- 
AgCl reversible electrodes in dilute KCI, terminating in a glass 
capillary containing a small asbestos-fiber wick, which served 
as the contact electrode on the surface of the plant where the 
e.m.f. originated. Closure of the trap-like structure at the end 
of the spatulated petiole of Venus’ Fly-Trap normally follows 
when any one of the spike-like trigger hairs or the irritable 
inner epidermis is stimulated. The speed of closure depends on 
the pattern of excitation, which was hypothesized to originate 
as a localized destruction of the degree of polarization, which 
progressively spreads as an equipotential electrical wave front, 
propagated over the surface of the lobe at about 3.0 cm per sec. 
The excitatory wave front was found to be a negative potential 
of about 0.05 volt for summer growth or as low as 0.01 volt 
for winter growth plants. It is measurable as a diphasic or 
monophasic potential pulse depending on the position of the 
nonpolarizable electrodes. The exact shape, speed, and origin 
of the electrical impulse is being explored with the aid of an 
oscillograph. 


K6. Solar Position Calculator. DoNaALD W. DUNIPACE, 
Libby-Owens-Ford Glass Company.—The important effect of 
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the sun on our lives is well known. A primary factor in its 
influence is its position with respect to a given location on 
the earth. Two calculators have been developed which give 
geometric relations between the sun and various geographic 
locations for any time of the day and year. One calculator can 
be set up to give such quantities as altitude, air mass, direc- 
tion, and angle of incidence on walls facing north, east, south, 
or west. This calculator consists of a transparent overlay on 
an opaque underlay, and the patterns can be constructed by 
using elliptical, circular, and straight lines. The other calcu- 
lator gives angles pertinent to architectural designs. For ac- 
curacy, convenience, and speed of operation, these calculators 
are comparable to a slide rule. 


K7. Pentode Counting or Control Ring.* Benyamin L. 
Moore, Harvard University.—The 6AS6 pentode has a sup- 
pressor grid voltage plate current characteristic similar to that 
of the control grid, and has been used in a counting or control 
ring whose input is essentially independent of amplitude and 
wave shape. The basic element of this ring is two pentodes 
connected as a direct coupled type trigger pair using the screen 
grids as the plates. A number of these trigger pairs are arranged 
in a ring with the two tubes of each trigger pair opposite each 
other. The plate of each tube is connected to the screen of the 
next tube in the ring. If initially the first » tubes are conduct- 
ing, then the next tubes must be non-conducting. By apply- 
ing positive pulses alternately to the suppressor grids of all 
odd tubes and then to all even tubes, the ring will step once 
for each pulse. Control voltages corresponding to one or more 
states of the ring may be obtained very easily. 


* This work was supported by the Bureau of Ordnance, U.S. Navy. 


K8. A Static Storage System Utilizing Magnetic Reten- 
tivity.* W. D. Woo anp AN WANG, Harvard University. 
(Introduced by B. L. Moore.)—Magnetic cores with a rec- 
tangular hysteresis loop! have been used in a storage system 
which requires no mechanical motion. The binary digit ‘1’ 
is stored as a positive residual flux, and the binary digit ‘‘0”’ 
as a residual flux in the opposite direction. When a negative 
probing field is applied to the core, a large voltage is induced 
in another winding if the digit stored has been a “1,” and very 
small voltage if it has been a “0.” The induced voltage in the 
former case is large enough to magnetize another core of iden- 
tical construction. Binary digits can thus be transferred from 
one core into another. If two such cores are arranged in a pair, 
one binary digit can be transferred back and forth between 
them. If many cores are arranged in series, binary digits can 
be advanced along the line. The present upper limit of the 
speed of propagation is about 30,000 to 40,000 digits per 
second, and there is no lower limit. 

* This work has been supported by the United States Air Force. 


1 The cores are furnished through the courtesy of Allegheny Ludlum Steel 
Corporation. 


K10. Ion Exchange and Chromatography. H. L. Finston 
AND R. M. Dyer, Ohio State University.—-The ion exchange 
techniques developed in the Manhattan project, and described 
in detail by Ketelle and Boyd! have been tried and found to 
yield excellent results with mixtures of rare earth activities of 
moderately long half-lives. The time involved in this pro- 
cedure, however, made certain modifications necessary in 
order to work with activities of shorter half-life. It was found 
that a short column of ‘Dowex 50” could be extruded after 
first being frozen. A sample of Tm was bombarded for 6 hours 
with deuterons in the cyclotron, dissolved and adsorbed at the 
top of a column 21 cm long with a cross section of 0.28 sq. cm. 
The column was operated for 5 hours, and then extruded. The 
column was cut into short lengths and the distribution of ac- 
tivity determined. Four definitely different fractions were 
obtained. In another investigation the chromatographic 


method of separation described by Schwab and Jockers? has 
been applied to a separation of Cr, V, and Mn produced by a 
deuteron bombardment of Cr. Three fractions were obtained 
with characteristics corresponding to those of Cr, V, and Mn, 
respectively. 


1 Ketelle and Boyd, J. Am. Chem. Soc. 69, 2800 (1947). 
2 Schwab and Jockers, Angew. Chem. 50, 546 (1937). 


K11. Use of the Density-Gradient Tube in the Study of 
Finely Divided Materials. WiLL1am H. Otto, Ownes- Corning 
Fiberglas Corporation.—A vertical linear density gradient is 
established in a glass tube by the diffusion of liquids or solu- 
tions of different density and can be maintained in a stable 
condition for prolonged periods. The device is particularly 
useful in the density determination of finely divided materials 
or samples of extremely low mass such as fine glass fibers and 
provides a means for the study of the density distribution of 
a mixed-density sample. The application of the density- 
gradient tube to the study of glass fibers is discussed with par- 
ticular regard to density differences between the bulk glass and 
the glass fiber form. 


K12. Presentation of Mass Spectra with a Cathode-Ray 
Oscillograph. J. W. TOWNSEND, JR., Williams College—A new 
approach to electronic presentation of mass spectra with a 
cathode-ray oscillograph has been undertaken. Previously this 
has been achieved by sweeping the accelerating potential of 
the mass spectrometer with a sawtooth voltage, and detecting 
the resultant ion currents by means of d.c. or pulse amplifiers. 
In the new system, the rate of production of ions in a conven- 
tional Nier type 60° spectrometer is modulated by a 1000 c.p.s. 
voltage, and the ion current at the collector detected by a 
specially designed a.c. amplifier. This amplifier is composed of 
two parts, a low noise preamplifier employing a miniature 
“acorn” type pentode mounted as close to the collector as 
possible, and a main amplifier whose band pass is restricted 
to 100 c.p.s. by a feed-back network. The 10-c.p.s. sawtooth 
voltage, of sufficient amplitude to cover the desired range of 
masses, is synchronized with the horizontal sweep of the 
oscillograph, while the amplifier output is applied to the ver- 
tical plates. Results have been encouraging. It is possible to 
detect peaks as small as 4X 10-“ ampere, with good linearity 
and resolution. The system has been especially valuable in 
adjusting and focusing the newly completed spectrometer. 


Magnetic Resonance; Non-Metallic Solids 


Ll. The Optical Detection of Radiofrequency Resonance.* 
F. Bitter, Massachusetts Institute of Technology.—Calcula- 
tions are made of the frequency, intensity, and polarization 
of the light emitted by an atom in a doublet P to a doublet S 
transition in a weak magnetic field having an oscillating com- 
ponent. Near resonance, or when the frequency of the oscillat- 
ing component approaches the Larmor frequency of one of 
the two states involved in the radiation process, all of the 
quantities calculated are modified. Qualitatively similar results 
are to be expected for other transitions. Observations in very 
weak fields would be of particular interest because they would 
give information on nuclear as well as atomic g-factors. Under 
such conditions, the Zeeman components will, in general, not 
be resolvable, and the only observable effect will be a change 
in the polarization of the edges of a spectral line at resonance. 
It is further shown that very small changes in this polarization 
structure are theoretically detectable. 


* This research has been supported in part by the Signal Corps, the Air 
Materiel Command, and ONR. 


L2. Some Measurements of Nuclear Spin-Lattice Relaxa- 
tion Times in Solids. E. H. TuRNER, A. M. Sacus, AND E, M. 
PuRCELL, Harvard University—Nuclear spin-lattice relaxa- 
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tion! was studied as a function of field strength and tempera- 
ture to obtain information about the relaxation mechanism in 
crystals. Relaxation times, 71, greater than 5 seconds were 
found by observing at low power the growth of the center of 
a previously ‘‘saturated”’ absorption line. For 7; less than 30 
seconds, a saturation curve method! was used. For substances 
with a long 7), the rate of approach to equilibrium at low 
fields was studied by adiabatic changes between the low field 
and a field suitable for measurements. Substances which were 
investigated include ice, benzene, and sucrose. One sample of 
ice had the longest 7; observed to date: 210 min. at 88°K. 
Benzene exhibited a minimum in its 7; versus temperature 
curve qualitatively similar to the minima described in the next 
paper. The 7; of a single sucrose crystal was proportional to 
field strength and decreased fast with increasing temperature. 
Interpretation of the results will be discussed. 


1 Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 


L3. A Study of Internal Motion in Ammonium Salts by 
Nuclear Spin-Lattice Relaxation Time Measurements. A. M. 
Sacus, E. H. TURNER, AND E. M. PurRcELL, Harvard Univer- 
sity—Gutowsky and Pake* have reported sharp line-width 
transitions in ammonium salts at temperatures 100° or more 
below the specific heat anomalies. Using methods outlined in 
the preceding paper, we have measured nuclear spin-lattice 
relaxation times (7,) of some ammonium salts from 85°K to 
270°K at 14.2 and 30 mc/sec. Sharply defined minima of T' 
are found at temperatures from 45° to 75° above the line-width 
transitions, with the minima of the 30-mc/sec. curves occurring 
approximately 9° above those of the 14.2-mc/sec. curves. As- 
suming relative motion of protons as the relaxation mechanism, 
the characteristic time of this motion, 7., has been deduced 
from the general formula of Bloembergen, Purcell, and 
Pound** and the experimental data. The result is described 
by t-=A exp(a/T). All of the data, including the temperature 
of the line-width transition, are consistent with a single choice 
of the constants A and a for each salt. For example,'in NH,Br, 
a=1700 deg., A =1.2< 10 sec. A discussion will be given in 
terms of barrier penetration by NH, tetrahedra. 


* H. S. Gutowsky and G. E. Pake, J. Chem. Phys. 16, 1164 (1948). 
** Bloembergen, Purcell, and Pound, Phys. Rev. 73, 699 (1948). 


L4. Measurements of Spin-Lattice Relaxation Times in 
Paramagnetic Solids by the Saturation Method. C. P. 
SLICHTER* AND E. M. PurceELL, Harvard University.—The 
measurement of spin-lattice relaxation times, 7), in para- 
magnetic solids has been performed extensively at low tem- 
peratures by the study of absorption or dispersion at fre- 
quencies of the order of 1/247,.! We have extended the 
measurement of 7; at room and dry ice temperatures by 
studying saturation in the absorption of microwave energy at 
the Larmor frequency in analogy to the experiments of Bloem- 
bergen, Purcell, and Pound.? The sample was held in a resonant 
cavity terminating one arm of a magic tee bridge. Since a 
pulsed magnetron was used to generate the high microwave 
magnetic fields (~30 gauss) needed to saturate the samples, 
slight modifications were made in conventional bridge tech- 
niques because of transient effects associated with the short 
pulses and high Q cavity. Relaxation times (~10- sec.) have 
been determined for manganese ammonium sulfate, manganese 
sulfate, and copper sulfate both at room temperature and at 
—78°C, and at room temperature for a free radical kindly 
supplied by the Bell Laboratories. 

* Socony Vacuum Predoctoral Fellow in Chemical Physics. 


1C, J. Gorter, Paramagnetic Relaxation (Elsevier Publishing Company, 


New York, 1948). 
2 Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 


LS. Hyperfine Structure of the Paramagnetic Resonance 
Spectrum of Cobalt. B. BLEANEY aND D. J. E. INGRaM, 
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Clarendon Laboratory, Oxford. (Introduced by E. M. Purcell.) 
—Following the discovery of Penrose! that the paramagnetic 
resonance spectrum of diluted copper potassium sulphate 
shows a hyperfine structure, measurements have been made 
on a mixed crystal of cobalt and zinc ammonium sulphate 
containing Co:Zn in the ratio 1:1000. The Co** ion is found 
to have exact tetragonal symmetry within the experimental 
error, with a single electronic transition whose g-value varies 
from 3.0, perpendicular, to 6.2 parallel to the tetragonal axis, 
The absorption line is split up into eight unequally spaced 
components due to the nuclear spin (7/2) of Co5*. The over-all 
separation of the h.f.s, varies from 0.14 kg to 0.67 kg, having 
the same anisotropy as the crystalline electric field. The half. 
width at half-intensity of the lines is about 7 gauss, most of 
which is attributed to the protons of the water of crystalliza- 
tion. At 90°K the line width is about 1400 gauss, corresponding 
to a spin-lattice relaxation time of 7X10-” sec. (=p/2m in 
Gorter’s? nomenclature). 


1 Penrose, unpublished owing to illness of author. __ 
2 J. Gorter, Paramagnetic Relaxation, Elsevier Publishing Company, New 


York, 1948). 





L6. The Solids Condensed from Carbon Monoxide by 
Alpha-Particles. Joun H. L. Watson, Edsel B. Ford Institut 
for Medical Research; MARCEL VANPEE, University of Minne. 
sota; AND S. C. Lin, Carbide and Carbon Chemicals Corpora. 
tion.—An electron microscopic and x-ray diffraction study was 
made of the residues formed by bombardment by alpha-rays 
from radon of carbon monoxide gas. Carbon monoxide, when 
polymerized by alpha-rays from radon exhibits a particulate 
structure. The particles have recognizable shape and have 
nearly the same dimensions in all directions. There are two 
components in the residue. The first.are solid particles which 
are rigid aggregates of graphitic flakes. The second is a viscous 
liquid material which surrounds the particles, May exist 
within them, and often joins them one to the other by short 
necks. The mean diameter of the material taken from the base 
of the flask is about 0.5 and from the neck of the flask about 
0.41 micron. About 15 percent of the silhouette images of the 
particles appear hexagonal in shape. The percentage of par- 
ticles having this shape is undoubtedly even higher than this, 
since non-hexagonal images often are accompanied by hex- 
agonal shadows. The approximate uniformity of particle 
dimensions in all directions and the increase in particle size 
toward the base of the flask indicate that they are formed and 
grow in the gas phase, and that the larger ones fall out under 


gravity. 
























L7. Thermal Conductivity and Heat Capacity of Beryllium 
Carbide. CHARLES E. TEETER, JR., Fairchild Engine & Air- 
plane Corporation.—Beryllium carbide is an interesting sub- 
stance which has recently become available in laboratory 
quantities. Among its physical properties which are being 
studied at NEPA are thermal conductivity and heat capacity. 
The thermal conductivity of a hollow cylinder of beryllium 
carbide was measured in a preliminary fashion by a radial heat 
flow method. A central globar heater was used to raise the 
inside of the cylinder to temperatures up to 950°C (1740°F). 
This inside temperature, as well as the temperature of the 
outside, was measured by thermocouples and the thermal con- 
ductivity calculated by the conventional formula. Further 
experiments are continuing to improve the accuracy. The heat 
capacity of beryllium carbide in powdered form was measured 
by a modification of the so-called ‘drop method.” Capsules of 
refractory metals (copper was first used, than stainless steel, 
and finally nickel) were heated in a furnace and dropped into 
a copper block in a water calorimeter. To correct for heat losses 
during the drop, empty capsules were heated to various tem- 
peratures, and dropped in a similar manner. Results were ob- 
tained for the enthalpy and mean heat capacity from room 
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temperature to 200-1100°C (392-2012°F). From the smoothed 
curve for the enthalpy, the heat capacity, Cp, was calculated. 


L8. A Model for the Plastic Flow of Oriented Nylon Fibers. 
JoHN KAUFFMAN AND WALLER GEORGE, Naval Research 
Laboratory.—Studies of the changes in broadening shown by 
x-ray fiber patterns have been associated with the stress-strain 
relation for highly oriented Nylon fibers (Type 200). The 
angular broadening of the equatorial spots reduces with in- 
creasing strain up to the inflection point of the stress-strain 
curve. For larger strains this broadening increases at a de- 
creasing rate. The radiat broadening of these spots remains 
essentially constant up to the strain at the inflection, then 
increases at a decreasing rate to rupture. Assuming a crystal- 
lite model, these data indicate that the initial straining is 
accompanied by the rotation of crystallites toward positions 
parallel to the fiber axis. This process appears to terminate in 
the inflection region of the stress-strain curve and is replaced 
by a process of crystallite breakup. The broadening in the later 
phase of straining is analogous to that found recently by 
Patterson and Orowan! for aluminum and copper deformed 
in torsion. 


1 Patterson and Orowan, Nature 162, 991 (1948). 


L9. X-Ray Analysis of Clays for Quantity of Montmorillo- 
nite. L. H. Smmons,! D,. F. WEEKEs, AND J. G. PotrTer, A. and 
M. College of Texas.—The crystalline structure of mont- 
morillonite, (AlzO3, FexO3, 3MgO)-4Si0.+7H,0, is laminar, 
permitting water to penetrate between unit layers, and add to 
the structure in a stepwise manner, sometimes to the extent 
that the volume is increased by a factor of thirty. The charac- 
teristically large variation in basal spacing with moisture 
permits the positive identification of montmorillonite by x-ray 
diffraction methods but has made difficult its quantitative 
determination by such methods. No other satisfactory method 
for the quantitative analysis of montmorillonite in clays is 
known. A sequence of treatments has been developed in this 
laboratory whereby the basal spacing of montmorillonite in 
clays can be stabilized to an extent that quantitative analyses 
can be made with a Geiger counter recording x-ray diffraction 
spectrometer. The treatments involve calcium saturating the 
sample, dehydration, and then bringing the sample to a repro- 
ducible moisture content in a humidifier employing sodium 
tartrate as the humidifying agent. 


1 Now at Humble Research Laboratory. 


L10. On the Vibrational Spectrum of Crystals. W. A. 
Bowers, University of North Carolina.—A formula has been 
derived for the distribution of frequencies of transverse vibra- 
tions of a plane square lattice, with nearest and next-nearest 
neighbor interactions. Although this case is of no direct phys- 
ical significance, it is interesting as a check on the various 
methods of approximating the crystalline frequency distribu- 
tion which have been proposed. We find that the numerical 
methods used by Blackman,’ and later by Fine, Leighton, and 
others give a good approximation; the method of Montroll,? 
which is based on a calculation of the moments of the distribu- 
tion function, also gives a reasonable approximation; but the 
method recently proposed by Houston’ introduces spurious 
peaks into the distribution function which seriously distort 
its shape. We find also that in this two-dimensional case, the 
only peak in the distribution diverges only logarithmically 
instead of in the inverse square root fashion found in the linear 
chain. In the case of a three-dimensional crystal with vibration 
into a fourth dimension or degree of freedom (physical nature 
unknown!) we find no infinities at all. 

1M. Blackman, Proc. Roy. Soc. 148, 365, 384 (1935). 


iE. Montroll, J. Chem. Phys. 10, 218 (1942); 11, 481 (1943). 
7W. V. Houston, Rev. Mod. Phys. 20, 161 1948). 
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L11, Studies of the Vibrational Characteristics of a Piezoid.* 
CHARLES R. Minoins, Cart A. STEVENS, AND Davin W. 
MacLeop, JRr., Tufts College.—The characteristics of a vibrat- 
ing piezoelectric crystal are investigated by means of a system 
of applying mechanical constraints to the surfaces with a 
probing device, meanwhile observing the variations produced 
with a response spectrometer. Different manners of mounting 
the plate and of providing the exciting field require different 
arrangements for scanning with the probing mechanism. 
Many modes of the thickness-shear family for rotated-Y cuts 
of quartz have been studied by this method. The 1,1,3 and 
1,3,1 modes of this family are generally found to be very pro- 
nounced, but the coupling of these with other modes, such as 
certain. of the higher orders of face shears and X,- flexures, 
does not have any appreciable effect upon the functioning of 
the principal mode. Plates of various shapes have been studied, 
and different cuts are receiving attention. Other methods of 
investigation are used to supplement and to check the results. 


e * This work is sponsored by the Frequency Control Branch of the Signal 
orps. 


L12. Dynamic Measurement of Electro-optic Coefficients 
in ADP Crystals. R. O’B. CARPENTER, Baird Associates, Inc.— 
Both the electro-optic coefficients r4; and 763 in ammonium 
dihydrogen phosphate crystals have been measured as a func- 
tion of wave-length. Although 7¢3 has been measured in several 
tetragonal crystals by various workers, ry; has not been ob- 
served, except by Dr. Hans Jaffe of the Brush Development 
Company of Cleveland, because the small effect is largely 
masked by the natural birefringence. Under a field in the x 
direction of 6 kv/cm, the ‘‘fast’’ and “‘slow”’ directions of vibra- 
tion are rotated 5 X 10~ radian, while the change in 2;—m: is a 
very small effect proportional to the square of the field. By ap- 
plying an alternating field to a crystal in a suitably arranged 
polarimeter, the rotation of the vibration direction introduces 
a small modulation in the transmitted light intensity, which is 
detected by a photo-cell and sharply tuned amplifier. The 
equipment is capable of detecting a rotation of 10~7 radian, or, 
in a different optical arrangement, a retardation change of 
10-7 wave, which is considerably more sensitive than visual 
optical compensator methods. Other crystals are being ob- 
tained for measurement and a program of frequency response 
measurements is being undertaken. The coefficient 63 in ADP 
measured at frequencies above the piezoelectric fundamental 
vibration frequency is about one-half the low frequency 
value. The difference is accounted for by the piezoelectric 
deformation at low frequencies and the photoelastic effect, 
using the presently accepted values for these coefficients. 


Cosmic Rays; Nuclear Emulsions 


Pl. Cosmic-Ray Variations at High Altitudes Resulting 
from Meteorological Variations.* W. F. G. SWANN AND 
STEPHEN H. ForsBeEs, Bartol Research Foundation.—K. M. 
Kupferberg has called attention to latitude and seasonal varia- 
tion of cosmic-ray intensity resulting from variations of the 
distance between the layer of mesotron production and the 
place of observation, which distance operates through mean- 
life on the cosmic-ray intensity. We have developed an expres- 
sion for the percentage change of intensity at any altitude 
resulting from unit change in the aforesaid distance, this 
expression taking into account the energy distribution func- 
tion and the lower limit of energy as determined by the energy 
necessary to penetrate the apparatus. Data supplied by the 
Weather Bureau show that observations extending over a 
single day may experience a change of 100 meters or even more 
in the aforesaid distance. Our calculations show that with a 
change of 100 meters at an altitude of 30,000 ft. with a lower 
energy limit determined by 9 cm of lead, the effect on the 
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cosmic-ray intensity amounts to 2.1 percent. With a lower 
limit determined by 18 cm of lead, the effect is 1.8 percent. 


* Assisted by the Joint Program of ONR and AEC. 


P2. Penetrating Power of Extensive Shower Particles.* L. 
D. Wuite, G. G. HARRIS, AND GEORGE T. REYNOLDS, Prince- 
ton Unwersity.—Previously reported experiments! to measure 
the absorption in load of particles associated with sea level 
extensive cosmic ray showers have been continued. In these 
experiments an extensive shower is selected by means of 
master coincidence trays of Geiger counters separated by a 
distance of about 4.5 meters. This master coincidence gates 6 
other channels of Geiger counter trays under various thick- 
nesses of lead, so that several lead thicknesses can be investi- 
gated simultaneously. A cloud chamber was placed on top of 
11 inches of lead over one of the counter trays, and some 
pictures were obtained of the particles which might have 
tripped these counters. The absorption curve obtained for the 
extensive shower particles agrees well with the earlier results! 
and the recent results of Cocconi.? The fraction of particles 
able to penetrate 11 inches of lead is found to be 0.018+0.005. 

* Supported by joint program of ONR and AEC. 


1 Reynolds and Hardin, Phys. Rev. 74, 1549 (1948). 
2 Cocconi, Tongiorgi, and Greisen, Phys. Rev. 75, 1063 (1949). 


P3. The Positive Excess in the Mesotron Spectrum.* 
RoBerT B. Brope, University of California, Berkeley —A 
Geiger counter experiment has been devised that measures the 
number of positive and negative particles in the energy band 
between 1.4 and 2.0 Bev. The particles are deflected through 
two feet of iron in which a field of 14,000 gauss is maintained 
by Alnico permanent magnets. The field in the Alnico blocks 
is reversed at regular intervals and the entire apparatus in- 
verted at other intervals. By either of these procedures the 
sensitivity of a counter system to positive or negative particles 
is interchanged. The apparatus, operated at an elevation of 
100 meters above sea level, has given 1.37-0.04 as the ratio 
of positive to negative particles. This is appreciably higher 
than the value of 1.20+-0.04 given by previous! Geiger counter 
observations. 

* Assisted by the joint program of ONR and AEC. 


( 1 oo Conversi, Pancini, Scrocco, and Wick, Phys. Rev. 68, 109 
1945). 


P4. Examples of Meson Production and Absorption.* R. 
L. Coot, E. C. FOWLER, AND J. C. STREET, Harvard University. 
—An 18-inch cloud chamber containing 3 lead plates, about 
1 cm each, and 8 aluminum foils, 0.020 cm thick, has been 
operated for five months at Climax, Colorado (11,200 ft.). 
Some 24,000 expansions have been photographed, 7,000 ran- 
dom, 12,000 anti-coincidence for stopped mesons, and 5,000 
with a simple shower selector. Particles in the lower energy 
range can, in many cases, be identified by study of the ioniza- 
tion, range and scattering. Five interactions have been ob- 
served in which, it is believed, mesons were produced. One of 
these is believed to show 2 mesons from one center. Twenty- 
three cases of mesons stopping in the thin foils have been 
identified. Of these, 10 show decay electrons, 12 show no addi- 
tional track at the end point, one has a dense track coming 
back from the end point and stopping in the adjacent foil. 
The frequency of these events, not selected by counters, is in 
reasonable agreement with photo-plate data. 


* Assisted by the joint program of ONR and AEC. 


PS. Spontaneous Decay Rate of Heavy Mesons. L. I. 
ScuiFF, Stanford University.—The assumption! of direct inter- 
actions between nucleons and light mesons (x), and between 
nucleons and electrons (e), leads to heavy meson (2) decay as 
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a second-order process through the intermediate nucleon field, 
quite apart from any direct *—y or r—e coupling. The com- 
puted probabilities for both decay processes diverge in the 
same way. If the divergent integrals are cut off in the rela- 
tivistic region, the computed life times have the order of 
magnitude but are somewhat shorter than the observed life 
time for r—y decay. The ratio of the computed life times for 
x— and x—e decay does not involve the divergent integral, 
and is approximately equal to four. This seems to disagree 
with experimental resuits at Berkeley, in which few if any 
w—e decays are observed. Thus if the direct couplings of 
nucleons with pu and e are accepted, one must (1) also postulate 
a direct r—p coupling, and (2) so interpret the divergent 
integrals that they are much smaller than they are when the 
relativistic cut off is used. 


1J. Tiomno and J. A. Wheeler, Rev. Mod. Phys. 21, 153 (1949). 


P6. High Energy Events at High Altitude.* J. HoRNBOSTEL 
AND E. O. SALANt, Brookhaven National Laboratory.—At 
93,000 feet, production of many-pronged stars in nuclear 
emulsions at 31° geomagnetic latitude (cut-off 8 Bev) is about 
0.3 production at 57°. Cross section for disintegration of Ag 
and Br nuclei by primaries is 0.5 (+0.3) of geometrical cross 
section. On minimum ionization plates (Eastman NTB3), 
about 40 percent of these show, in addition to customary 
heavy, unoriented tracks, a broom-like bundle of relativistic 
particles fanning out downwards. In many of such broom 
events, the star has a single minimum ionization track in the 
hemisphere above it; this track is consistent in energy and 
location with being due to the incident particle. The broom 
consists, on the average, of 5 (but sometimes as high as 15) 
light tracks, within a cone of 120°; two-thirds of these tracks 
have true minimum ionization. Reasons for regarding the col- 
limated events, in part at least, as creation of fast mesons by 
primaries of energy greater than cut-off are presented. We 
particularly thank ONR and officers and men of USS Saipan. 


* Research carried out at the Brookhaven National Laboratory under 
the auspices of AEC. 


P7. Measurements and Interpretation on the “Showers” 
Associated with Stars in Nuclear Emulsions.* L. S. OsBorNE 
AND B. T. FELD, Massachusetts Fnstitute of Technology.—In 
Eastman NTB3 emulsions, exposed as described in the pre- 
vious abstract, an appreciable fraction of the nuclear disinte- 
grations emit, in addition to the isotropically distributed, low 
energy evaporation products, a group (shower) of particles of 
relativistic energies, confined within a relatively narrow cone 
of angles in the downward direction. We have observed, in 
one star, 18 fast particles within a cone of 63° apex; 15 lie 
within 33°. In this event, the ‘‘cone’”’ is really a “‘whiskbroom,” 
of maximum angle quoted above. The spread along the minor 
axis is 10--15°. Of the 18 particles, 11 have grain densities 
corresponding to minimum ionization. The largest grain den- 
sity corresponds to a kinetic energy of ~0.2 rest energy. It 
can be shown that the “slow” particles are certainly not 
electrons. Other showers studied have smaller multiplicity and 
do not show the “‘whiskbroom” effect. Measurements of multi- 
plicity, angular spread, and grain counts have been made on 
a number of such showers. Evidence concerning the nature of 
the shower particles will be discussed. An interpretation of the 
data is attempted on the basis of the assumption that a shower 
results from a nucleon-nucleon collision, in which the nucleons 
lose most of their kinetic energy (in the cm system) by the 
multiple production of x-mesons. 


* Assisted by the joint program of ONR and AEC. 


Ps. Energy Degeneration of Cosmic-Ray Primaries. F. J. 
MILFORD AND L. L. Fotpy, Case Institute of Technology.— 
Under the assumption that a meson-producing collision be- 
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tween two nucleons at relativistic energies is completely in- 
elastic and that the cross-section is independent of energy, one 
may calculate the energy degeneration of the primary cosmic 
rays (assumed to be protons) and the energy spectrum of the 
high energy nucleons as a function of the depth in the atmos- 
phere for any primary spectrum. Binding of nucleons into 
nuclei is neglected except for the ‘‘shadow effect” on the 
mean-free-path. An analytic solution is readily obtained for 
the energy spectrum as a function of depth for kinetic energies 
greater than 1 Bev, where ionization energy loss is negligible, 
and vowc. For an incident power law differential energy spec- 
trum N(EZ)=kE~, the same power spectrum is preserved for 
energies E>?#/“-) —2 where ¢ is the depth in mean-free-paths, 
but deviations toward greater populations occur for energies 
below this limit. Calculations are in progress for an incident 
power law energy spectrum with low energy cut-off to repre- 
sent the geomagnetic cut-off. Measurements of the energy 
spectrum of nucleons in the energy range from 1 Bev. to the 
geomagnetic cut-off at various depths should provide a fairly 
sensitive test for the postulated assumptions concerning 
meson-producing collisions. 


P9. Rotating Illumination Method of Locating Stars in 
Nuclear Track Plates.* E. H. LAND AND W. A. SHURCLIFF, 
Polaroid Corporation.—Stars are usually found by bright-field 
microscope method affording limited field of view and requir- 
ing continual focusing up and down. Ordinary dark-field illu- 
mination fails due to background scattering by fog grains. A 
rotating-azimuth planar illumination scheme has been de- 
veloped which provides good contrast for finding stars in 
emulsions whose fog background is not excessive. The dark- 
field illuminating rays, roughly in a single vertical plane, are 
20° to 45° from the vertical and intersect in the horizontal 
emulsion. Tracks perpendicular to the illuminating plane 
gleam; others are almost invisible. As the illuminating plane 
rotates at 1 r.p.s. all tracks gleam successively. Magnification 
as low as 50X is permissible, affording a field of 3 mm diam- 
eter. Since effective depth of field is roughly 100 microns, con- 
tinual focusing is unnecessary even for 200-micron emulsions. 
The nuclear track group at Brookhaven has not found the 
method applicable to differentiating tracks of different type 
or to locating individual tracks in very foggy emulsions, but 
reports five-fold faster locating of stars in favorable cases of 
minimum ionization plates. 


* Work performed under contract with Brookhaven National Laboratory. 


P10. Background Eradication of Thick-Layered Nuclear 
Emulsions. M. WIEWER, National Bureau of Standards AND 
H. YaGcopa, National Institute of Health—A method for 
eradicating accumulated background on Ilford C-2 Plates, 
100-200 microns thick without reducing their sensitivity to 
medium ionizing particles is described. The method involves 
a mild oxidation of the emulsion by air saturated with water 
vapor at 35°C for a period of about 16 hours. The plates are 
then dried and are ready for experimental exposure. Analysis 
of grain counts shows no loss of sensitivity in proton tracks 
over their last 200 microns range when the plates are developed 
with a mild hydroquinone developer. Complete eradication of 
background alpha tracks and stars is secured as well as de- 
struction of latent images of the less ionizing proton recoils 
instigated by external neutron bombardment. Grain density 
studies on proton tracks located at different depths in the 
emulsion indicate substantially uniform sensitivity after eradi- 
cation except for the uppermost 50 microns which develop 
with about a 10 percent reduction in mean grain density as 
compared with tracks deep within the recording medium. 


Metal Physics 


Q1. Electronic Phase Transition in Iron at Extreme Pres- 
sures. W. M. ELSASSER AND I. ISENBERG, University of Penn- 
sylvania.—Bridgman! found a pronounced phase transition in 
metallic cesium at 45000 atm. Compression up to this point 
is V/Vo=0.51; in the transition AV/V»e= —0.056. According 
to Sternheimer’s theory? the valence electron changes here 
from the 6s to a 5d orbital. There are theoretical indications 
that similar transitions occur in other metals at pressures well 
beyond laboratory range. There exists, inside the earth's core, 
a well established seismic discontinuity at p=3.1-10® atm. 
V/Vo and AV/Vo are known with moderate accuracy; they 
are similar to those in Cs. Intespretation, if any, has been ad 
hoc, as a transition between liquid and solid iron. We find that 
a 4s —3d electronic transition leaving iron in a (3d)* configura- 
tion might lead to a quite satisfactory explanation. So far the 
theoretical data are rather crude and do not as yet permit the 
quantitative identification toward which we are working. The 
difficulties of interpreting the discontinuity are very serious 
on the other hand, if one abandons the current assumption that 
the main constituent of the core is iron throughout. 


1P, W. Bridgman, Proc. Am. Acad. Arts Sci. 76, 55 (1948). 
2 R. M. Sternheimer, Phys. Rev. 75, 888 (1949); detailed paper in print. 


Q2. Martensitic Transformations in Iron-Nickel. ANDREW 
W. McREyNoLpDs, Brookhaven National Laboratories.—Trans- 
formations of crystal structure in solids occur either by a diffu- 
sion growth process or by a martensitic transition, character- 
ized by practically instantaneous formation of plates of the 
new phase. Electrical and direct visual observations on Fe-Ni 
71-29 alloys have been made in connection with studies of 
effects of strain on the transformation, and show that: (1) 
Quenching to a temperature in the range below —30°C results 
in instantaneous partial transformation followed by isothermal 
transformation for several minutes at decreasing rate, ap- 
proaching an amount characteristic of temperature. (2) Such 
isothermal transformation following quenching continues at 
any temperature up to 20°C. The martensitic character of the 
isothermal transition has been verified by visual observation 
of the formation of plates during reheating. (3) During con- 
tinuous cooling, transformation occurs initially in large steps, 
each representing transformation of an appreciable fraction of 
the total volume, and each being accompanied by instantane- 
ous appearance of large complexes of many plates extending 
across many grains. Subsequent transformation occurs as 
smaller complexes or individual needles in the remaining 
interstices. 


Q3. Surface Impedance of Metals at 24000 Mc/sec.* W. B. 
Nowak AND J. C. SLATER, Massachusetts Institute of Tech- 
nology.—The skin conductivity 2,! of copper, silver, tin, and 
lead has been measured at 24000 Mc/sec. from 300°K to 4°K, 
and follows the theory? qualitatively. Surface roughness, 
rather than cold work, oxide layers, etc., largely accounts for 
low absolute values of 2, particularly at low temperatures, and 
no essential disagreement with theory is found that is not 
explicable by roughness. Low temperature asymptotic values 
of = (in mhos) are: 93.5 for the best copper surface, 61.8 for 
electropolished copper, 59.8 for electropolished silver, 68.4 for 
tin cast against glass, and 46.5 for finely machined lead. A 
semi-theoretical surface roughness correction factor, applied 
to 2, raises the values to 103.4 mhos for the best copper, 89.6 
for electropolished copper, 74.8 for electropolished silver, and 
88.4 for lead. The value of = for tin agrees well with unpub- 
lished results of I. Simon at 9000 Mc/sec., thus checking the 
theoretical frequency dependence of 2. Computed values for 
the number of free electrons per atom are discussed. 

* This work has been supported in part by the Signal Corps, Air Materiel 
Command, and ONR. 


1A. B. Pippard, Proc. Roy. Soc. A191, 385 (1947). 
G. E. H. Reuter and E. H. Sondheimer, Proc. Roy. Soc. A195, 336 
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Q4. Lattice Energy, Lattice Constant and Compressibility 
of Metallic Copper and Silver. THomMas P. MERRITT AND 
Roya M. Frye, Boston University.—A careful investigation 
of previous quantum mechanical treatments of lattice energy, 
lattice constant and compressibility of metallic copper and 


TABLE I 








Copper 
Cohesive Lattice 
energy constant Compressibility 
Theoretical (as 112 kgcal./mole 1.98A 0.0082 X10-" cm?/dyne 
determined in 


this work) 





6 0.070 X10-" 
2 0.069 X10711 
6 0.545 X10-" 


Experimental 71.0 
K. Fuchs (Reported) 34.1 
(From his graphs) 34.1 


Silver 


71.8 kgcal./mole 2.57A 0.035 X10-" cm?/dyne 


Theoretical (as 
determined in 
this work) 





0.090 X10-1 
(0.056 X10") 


4.03 
2.72 


64.5 


Experimental 
95.8 


R. C. Gunter 








silver has been made. Serious discrepancies prompted a re- 
newal of calculations, the results of which indicate the error 
to exist in the previous calculations for copper. The results of 
the present work together with earlier investigations and 
experimental determinations are given in Table I. 


Q5. Elastic Constants of Single Crystals of Nickel. W. P. 
Mason, R. M. Bozortu, H. J. McSxrmin, J. G. WALKER, 
Bell Telephone Laboratories —Measurements have been made 
of the elastic constants of nickel, using two specimens of single 
crystals grown by slow cooling of the melt. Planes were cut 
parallel to (100) and (110) within less than one degree as 
determined with x-rays. Thin crystals of quartz were cemented 
to these surfaces and velocities of elastic waves determined by 
pulsing methods. In a more satisfactory arrangement two 
fused silica rods were fastened to opposite sides of a nickel 
crystal with the interposition of polystyrene films a quarter 
wave-length thick, and quartz crystals were placed at the 
other ends of the rods. The longitudinal or shear wave excited 
by one of the crystals was reflected multiply in the nickel and 
detected by the other crystal. The pulses were made longer 
than the time between reflections and the pulsing frequency 
adjusted until all pulses added in phase, and the velocity 
then calculated from this frequency. Results are: ¢;=2.50, 
€12=1.60, cag=1.185, all times 10”. The anisotropy factor, 
2¢44/(C11—C1z), is 2.63. In the longitudinal [100] wave at 10 
Mc/sec., Q=300. The decrement (x/Q) increases approxi- 
mately as f, indicating magnetic damping from micro eddy 
currents. 


Q6. Strain Rate Effects in Polycrystalline Cadmium Wire. 
RIcHARD LATORRE AND WALLER GEORGE, Naval Research 
Laboratory.—The strength of polycrystalline high purity cad- 
mium wire (‘’.005 diameter) strained at controlled rates from 
10-6 to 10-? sec.—! shows a rapid increase for true strain rates 
between 10-'—10-* sec.—!. Through this region the rupture 
load varies from approximately 20 g to 60 g. Load-strain curves 
show, in general, a region from small to medium “‘homogene- 
ous” strains where the load resisting deformation remains 
essentially constant. For larger strains, at strain rates greater 
than 10-* this load increases with strain. For strain rates below 
10- the load drops with increasing strain. The time during 
which the resistant load is essentially constant varies from 
about 20 sec. at strain rates of 10-* to about 2400 sec. at 10-5 
sec.—!. The former time is, to order of magnitude comparable, 
to the ‘‘incubation times”’ recently reported by Wood for mild 
steel.1 Our data suggest that the nucleation mechanisms in 


cadmium for strain softening may be different from those for’ 
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strain hardening (work hardening). Other features of the 
stress-strain relationship at constant true straining rates 
appear quite analogous to those obtained for single crystals. 

1D. S. Wood, Second Symposium on Plasticity, Brown Univ., April 1949, 


*E. N. da C. Andrade and R. Roscoe, Proc. Phys. Soc. (London) 49, 


152 (1937). 
*W. Boas and S. Schmid, Zeits. f. Physik 54, 16 (1929); ibid. 61, 767 


(1930). 


Q7. Anomalous Internal Friction Associated with the Pre. 
cipitation of Cu in Plastically Deformed Al-Cu Alloys. T’1nc- 
Sui Kf, University of Chicago—Anomalous internal friction at 
small stress levels has been observed in plastically deformed 
aluminum-copper alloys heat-treated short of complete re. 
crystallization. The temperature range within which such 
anomalous internal friction was observed is —5 to 125°C in 
the case of aluminum specimens containing 4 percent of 
copper. At each temperature within the range, the anomalous 
effect first increases and then decreases with the aging time at 
that temperature. This effect is shown to be associated with 
the precipitation of Cu from the solid solution with aluminum, 
It seems to be correlated with the well-known phenomena of 
precipitation hardening except that it proceeds at a much 
faster rate. The internal friction associated with this effect is 
anomalous in the following aspects: (1) At a given tempera- 
ture, it first increases and then decreases with decreasing stress 
amplitude; (2) the value of internal friction at a given tem- 
perature is temporarily reduced by previous vibration. The 
frequency of vibration used was about one cycle per second 
in torsion and the maximum shearing strain on the specimen 
was about 10-°. The physical origin of this internal friction 
and its implications will be discussed. 


Q8. The Increase in the Resistivity of Ordered AuCu; 
Produced by Single Slip. T. H. BLEwitt* AND J. S. KoEHLER, 
Carnegie Institute of Technology.—Single crystals of AuCu; 
were produced in a high vacuum by the Bridgman method 
using 99.999 percent pure copper and gold. The tensile speci- 
mens of }”’ diameter (ASTM specifications) were homogenized 
and ordered. The electrical resistances were measured poten- 
tiometrically from 90 to 300 degrees absolute. Residual re- 
sistances were obtained by fitting Gruneisen’s equation using 
Matthiesson’s rule. It was found that the characteristic 
temperature of the undeformed specimens was 275 degrees 
with a residual resistance of 1.36 micro-ohm centimeters. Upon 
deformation the residual resistance does not change; for a 
bicrystal, at 30 percent shear strain (15 percent elongation) 
the residual resistance changes by about 1 percent with no 
change being apparent in the characteristic temperature. Dahl! 
deformed polycrystals and obtained much larger resistance 
changes. The stress-strain curves obtained were in substantial 
agreement with those of Sachs and Weerts.? Calculations made 
using Taylor’s theory of deformation and a variation of 
Muto’s treatment of the resistance of disorder gave resistance 
changes many times larger than those observed. 

* AEC Fellow in the Physical Sciences. Supported by ONR. 


10. Dahl, w. Metallkunde 28, 133 (1936). 
2G. Sacks and J. Weerts, Zeits. f. Physik 67 (1931). 


Q9. Grain Boundary Diffusion. M. R. ACHTER AND R. 
SMOLUCHOWSKI, Carnegie Institute of Technology.—One of the 
least known parts of a polycrystalline material is its grain 
boundary. As an indication of the degree of perfection of and 


‘the mobility of atoms in, the boundary layer, diffusion along 


the grain boundaries is being studied by means of x-ray, 
electrographic, and microscopic methods. Preliminary results 
indicate that the rate of diffusion is influenced by the relative 
orientations of the two grains forming the boundary. This 
behavior would be predicted from a study of a rough model 
of a grain boundary, and agrees with the fact that a grain 
boundary between two fixed grains has a preferred orientation 
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of lowest energy. From the rough data, it has been possible 
to obtain a comparison of the rates of grain boundary diffusion 
to the rates of volume diffusion in the case of silver diffusing 
into copper. This estimate, made on copper in which all grains 
had one cubic axis almost parallel to the direction of diffusion, 
indicates that the activation energy for the grain boundary 
diffusion is 20,000 calories smaller than that for the volume 
diffusion.* 


* Work done under contract with the AEC. 


Q10. Mechanism of Ordering in Co-Pt. J. B. NEwkirk 
AND R. SMOLUCHOWSKI, Carnegie Institute of Technology.—As 
part of a study of the influence of order on magnetic properties, 
a detailed investigation of atomic ordering in the ferromagnetic 
Co-Pt (50-50) alloy is being continued.* X-ray studies are 
being made on powders and single crystals. The results show 
that ordered and disordered phases can coexist, thus indicating 
that the reaction is of a heterogeneous character. It is believed 
that at least with the tetragonal type ordered lattice this is a 
general characteristic, all indications to the contrary being due 
to the inadequacy of the experimental methods. The structure 
of the surface material appears to influence the critical tem- 
perature of that layer or the rate at which the ordering reaction 
can take place there. Microscopic evidence indicates the exist- 
ence of a fine structure within the grains which resembles 
polygonalization or mosaic structure observed in pure metals. 
A possible relation of this structure to order is considered. 
Single crystal work shows the presence of lattice strains and 
aperiodic regions (order-disorder layers) which are parallel to 
the (111) planes. This is in agreement with the minimum 
strain condition of the tetragonal ordered structure. 


* Work done under contract with the AEC. 


Q11. Magnetostriction and Order in FeNi;. J. E. GOLDMAN, 
Westinghouse Research Laboratories.—The magnetostriction of 
the alloy FeNis was measured as a function of the state of 
order. The strain gauge technique previously described was 
employed for this purpose."'? Samples of the 76.5 percent nickel 
vacuum melted alloy 3X3X0.05 cm were cut and measure- 
ments were made in both long directions in order to eliminate 
errors due to the possible non-randomness of the initial domain 
distribution. The ordered samples were heated to 600°C for 
24 hours and then cooled through the critical temperature at 
the rate of 2°C per hour to 300°C. The disordered samples were 
measured in the cold worked state after a cold reduction of 
75 percent. The saturation magnetostriction is found to in- 
crease by more than 100 percent on ordering. The magnitude 
of the magnetostriction in the cold worked sample is 1.9 10-6 
and in the annealed sample is 4.15 X 10-°. The latter value is in 
closer agreement with the value reported by various investi- 
gators for an alloy of this approximate composition which may 
indicate that most of these investigators employed at least 
partially ordered samples. 


1J. E. Goldman, Phys. Rev. 72, 529 (1947). 
2 J. E. Goldman and R. Smoluchowski, Phys. Rev. 75, 140 (1949). 


Q12. Rate of Self-Diffusion in Single and Polycrystals of 
Silver.* D. TURNBULL, General Electric Research Laboratory.— 
At comparatively high temperatures (800-950°C) the self- 
diffusion coefficients, D, in single. and polycrystalline silver 
specimens were found in good agreement with those measured 
by Johnson! on large-grained silver specimens. In the low 
temperature range (500-600°C) D for single crystals agreed 
closely with the values calculated from the relation valid at 
high temperatures which was: D=0.90 exp(—46,000/RT) 
cm? sec.~, Also in this temperature range D for single crystals 
slow-cooled from high temperatures agreed, within experi- 
mental errors, with D for single crystals rapidly cooled from 
high temperatures. The apparent D for fine-grained silver 
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(mean linear grain dimension =1.36 mils.) was much larger 
than for single crystals in the low temperature range and fol- 
lowed the relation: D =2.3X 10-* exp(—26,100/RT). 


* This work was sponsored by the Research Division of the AEC. 
1W. A. Johnson, Trans. A.I.M.E. 143, 107 (1941). 


Molecular Spectra, Mostly Microwave 


R1. Rotational Magnetic Moments for H.O and HDO. C. 
K. JEN, Harvard Unwersity.*—The rotational g-factors for 
H.O and HDO have been studied by observing the Zeeman 
splitting of their rotation lines in the microwave spectrum. For 
the o-components of the 5_1—6_s5 line of HO (22,235.22 
mc/sec.), the Zeeman splitting resolved into a doublet pattern 
for a field as low as 300 oersteds. The doublet separation was 
found to be a linear function of the field except that each 
doublet component became continuously weaker and broader 
with increasing field and was hardly recognizable beyond 2500 
oersteds. The measurement gave for this line g’=hA»/BH» 
=0.586+0.012, where Avy=frequency displacement of each 
doublet component, h=Planck’s constant, @=nuclear mag- 
neton, and Ho=magnetic field. The Zeeman patterns for the 
4_3—3;, line (20,460.40 mc/sec.) and the 59—5; line (22,307.67 
mc/sec.) of HDO were similar to that of the above-mentioned 
H;0 line as regards doublet appearance and linearity with 
magnetic field. However, the 59—5; line showed a sharp doub- 
let pattern for fields as high as 7000 oersteds, whereas the 
4_;—3, line pattern became unrecognizably diffuse for fields 
above 3000 oersteds. The measured g’-values for HDO lines 
are g’(4_3—31)=0.41340.008 and g’(5o—5;)=0.465+0.009. 
It is noteworthy that the ratio of g’(H:O) to g’(HDO) is close 
to the ratio of the reduced mass n(HD) to u(H2). This suggests 
that the rotation of the hydrogen or deuterium atoms con- 
tributes a large proportion of the molecular g-factor for a 
water molecule. 


* Supported by ONR contract. 


R2. On the Limits of Validity of the Van Vieck-Weisskopf 
Line Shape Formula.* P. W. ANDERSON, Bell Telephone 
Laboratories.—By use of the Einstein relations the line shape 
in gaseous absorption can be derived rigorously from that for 
spontaneous emission, I(v). I(v) is given, if the translational 
motion of the emitting molecules can be assumed to be clas- 
sical, by the well-known Fourier integral formula or by a more 
rigorous variation thereof derived by the author.f The solution 
of either type of Fourier integral for sufficiently low pressures 
is the standard dispersion line shape. The Einstein relations 
applied to the correct dispersion shape give the Van Vleck- 
Weisskopf line shape at microwave frequencies. The conditions 
under which this line shape fails can be two-fold: either the 
low-pressure solution of the Fourier integral fails, or the 
classical treatment of translational motion becomes invalid. 
Reasons are advanced which indicate that the latter is always 
the case at frequency differences from the line center of greater 
than kT/h. 


* J. H. Van Vleck and V. F. Weisskopf, Rev. Mod. Phys. 17, 227 (1945). 
t+ Unpublished. 


R3. The Radiofrequency Spectrum of Rb®*F and Rb*’F. 
VERNON HuGuHEs, LupwiG GRABNER, AND I. I. RaB1, Columbia 
University —The radiofrequency spectrum of Rb®F and 
Rb*’F had been studied by the molecular beam electrical 
resonance method.»? The main features of the spectrum for 
either isotope are predicted from a Hamiltonian:? 


= 2, = eq1'01 
H= +74 ET or -aJ—DQs+3) 
X {3d JP¥+90i-J)—-IrJ*}. 
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However, a splitting of the lines is observed, which suggests 
that a small interaction of the form ¢c2I2-J be added to this 
Hamiltonian.2:* (J, is spin of F.) The data are: 


é 4 
|e%g1’Q:| porren 


(mc/sec.) 
17.000 +0.02 
16.814 +0.02 
16.600 +0.02 


Rb&F 
(mc/sec.) 
35.158 +0.06 
34.772 +0.06 
34.358 +0.06 
33.997 +0.06 
33.597 +0.06 


where J=rotational quantum number, V=vibrational quan- 
tum number, e’g:'Q:=quadrupole interaction constant of Rb 
in RbF. An “extra” line was observed and is tentatively 
believed to be a two-quantum process. 

1H. K. Hughes, Phys. Rev. 72, 614 ss: 


2J. W. Trischka, Phys. Rev. 74, 718 (19 
3 W. A. Nierenberg et al., Phys. Rev. 73, Stee (1948). 


R4. The Radiofrequency Spectrum of K®F. Lupwic GRAB- 
NER, VERNON HUGHES, AND I. I. RaB1, Columbia University.— 
The radiofrequency spectrum of K*°F has been studied by the 
molecular beam electrical resonance method.'? The Hamil- 
tonian is:? 


eq1'Q1 
I,(2I,—1)(2J —1)(2F +3) 
X {30-JP+90-J)-L’J}. 


—e’q:'01 
(mc/sec.) 
3.969 +0.02 
3.914 +0.02 
3.872 +0.02 
3.829 +0.02 
3.964 +0.02 
3.914+0.02 
3.863 +0.02 
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The data are: 


Re OWNKO A 


J 
1 
1 
1 
1 
2 
2 
2 


where J =rotational quantum number, V=vibrational quan- 
tum number, e’¢:'Q:=electrical quadrupole interaction con- 
stant of K®* in KF. 

1H. K. Hughes, Phys. Rev. 72, 614 7S. 


2J. W. Trischka, Phys. Rev. 74, 718 (19 
3W. A. Nierenberg ef al., Phys. Rev. 73, ara30 (1948). 


R5. The Molecular Structure and Dipole Moment of 
Chlorosilane.* B. P. DatLey, J. M. Mays, anp C, H. Townes, 
Columbia University.—Three previously unreported lines aris- 
ing from the J = 1—2 rotational transitions of the rarer isotopic 
species of chlorosilane, Si?*H;Cl*, Si?9H;Cl8’, and Si?*H;Cl*, 
have been observed. The transitions involving Si?® are being 
studied further. The accurately measured Si*°H;Cl® frequency 
combined with those of Sharbaugh! gives the following values 
of Bo in Mc/sec. =Si#8H;Cl*, 6,673.8; Si?8H;Cl?’?, 6,512.4; 
Si®°H;Cl*, 6,485.8. From these data, the molecular parameters, 
uncorrected for zero-point vibrations, Si-Cl distance 2.05A, 
Si-H 1.50A, and H-Si-H angle 110° 57’, are obtained. These 
are to be compared with the previous values! 2.035A, 1.456A, 
and 103° 57’, respectively. The new H-Si-H angle is seen to 
be slightly larger than the tetrahedral angle of 109° 28’, and 
very close to the values reported for the methyl halides by 
Gordy.? In addition, measurement of the Stark displacement 
of the J=1—2, F=5/2, 7/2, K=1 line of Si?8H;Cl® as a 
function of field strength yields a dipole moment of 1.311 
Debye units, ascompared with the earlier value of 1.284+0.005 
obtained from polarization measurements.® 

* Work supported jointly by the Signal Corps and ONR. 

1A. Sharbaugh, Phys. Rev. 74, 1870(L) (1948). 


Gordy, Simmons, and Smith. Phys. Rev. 74, 243 (1948). 
8 Brockway and Coop, Trans. Faraday Soc. 34, 1429 (1938). 


R6. Dipole Moments from Microwave Spectra.* C. H. 
Townes, R. G. SHULMAN, AND B. P. DatLey, Columbia Uni- 
versity.—The dipole moments of several molecules have been 
determined by measurements of the Stark splitting of the 
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quadrupole components of rotational transitions in the micro. 
wave region. A Stark modulation microwave spectroscope was 
used and the method and calibrations have been reported,! 
On the basis of the theory of Low and Townes? the splittings 
of the first-order lines of AsF; and CHsI were calculated. By 
selecting the transition observed it was possible to find the 
splitting as a solution of a second order equation. The calcula- 
tions for the highest values of F and M are the simplest for 
these molecules and also for the second-order Stark splitting 
of CH;Cl® which was calculated by Fano’s* method. In all 
cases the accuracy was greater than one percent. The mo. 
ments of N4N4O!6 and CH;CF; were also measured and the 
values given below in Debye units. CH;Cl®u=1.871+0.005; 
CH;Iu=1.658+0.014; AsF3u=2.834+0.025; CH;CF au =2.35 
+0.02; N¥N140!6, =0.167+0.002. 

* Work sv pported ietatiy | a the Signal Corps and ONR 

1R. G. Shulman and C. H. Townes, Phys. Rev. 75, 1318 (1949). 


2 W. Low and C. H. Townes, Phys. Rev. 75, 1319 (a 949). 
3U. Fano, J. Research Nat. Bur. of Stand. 40, 215 (1948). 


R7. Microwave Spectrum of Formaldehyde.* R. B. 
LAWRANCE, R. L. KyHi,** anp M. W. P. STRANDBERG, 
Massachusetts Institute of Technology—H:CO is a slightly 
asymmetric rotor whose absorption spectrum has been ex- 
tensively studied in the infra-red"? and ultraviolet.* The asym. 
metry removes the symmetric-top K degeneracy, giving a 
wealth of AJ=0 lines in the accessible microwave region. 
Bragg and Sharbaugh‘ have identified four of these pure rota- 
tion lines in the region 18,300-27,500 megacycles. We have 
explored the region 14,000-73,000 megacycles, with some 
gaps. Our measurements of the 090-10: line and the homolo- 
gous series 212—>211- * *51s—>514 give exceedingly accurate values 
of the reciprocal moments b and c. Several lines from each of 
the K_: sequences 2, 3, and 4 have been measured and afford 
rather accurate centrifugal-distortion corrections. In several 
lines, the effective dipole moment has been evaluated by 
means of the Stark effect. 

* This research has been supported in part by the Signal Corps, the Air 
Materiel Command, and ONR. 

** Now at Stanford University. 

1H. H. Nielsen, Phys. Rev. 46, 117 (1934). 

2 E. S. Ebers and H. H. Nielsen, J. Chem. Phys. 5, 822 -. 


*G. H. Dieke and G. B. Kistiakowsky, Phys. Rev. 45, 4 (19 
4 Private communication, since published in Phys. Rev. 75, re 4 (1949). 


R8. The Microwave Spectrum of Chloroacetylene and 
Deuterochloroacetylene. A. A. WESTENBERG, J. H. GoLp- 
STEIN, AND E. B. WILSON, JR.—The J =1-—+2 pure rotational 
transitions in the linear molecules H-—C=C—Cl®, H—C 
=C—Cl??, D—C=C—Cl®, and D—C=C—Cl?’ have been 
observed using a Stark Modulation microwave spectrograph. 
The frequencies of the principal components (5/2—+7/2) of 
the multiplets are 22738.63, 22290.85, 20749.7., and 20338.2, 
megacycles, respectively. The quadrupole hyperfine structure 
has been analyzed in the usual manner, yielding values for the 
nuclear’ quadrupole coupling constants of —79.67, —62.75, 
—79.66, and —63.12 (mc), respectively. By comparison, the 
values for CI®CN and CI”CN are —83.4 and —65.3. The 
observed Stark effect is in good agreement with that calculated 
for a linear molecule with a single quadrupolar nucleus. This 
leads to a calculated value for the dipole moment of 0.44 
+0.01D. The previously reported value is 0.44+-0.01D. Bond 
distances calculated are H—C =1.052+0.001A, C—C =1.211 
+0.001A, and C—Cl =1,632+0.001A. The previously reported 
electron diffraction results are C—C =1.21+0.04A and C—C 
=1.68+0.04A. Both the bond distances and the quadrupole 
coupling constant indicate the presence of important reso- 
nating structures in the molecule. 


R9. A Reinvestigation of the Vibration Spectrum of Nitro- 
gen Dioxide. M. KENT Witson, Harvard University AND 
RICHARD M. BapGER, California Institute of Technology.—The 
infra-red spectrum of nitrogen dioxide was investigated under 
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prism dispersion between 1.5 and 25u. The weak symmetric 
valence vibration, heretofore unreported in the infra-red, was 
found near 1306 cm™ and the center of the bending vibration 
was located near 755 cm, This latter value is in contrast to 
the value of 648 cm™ previously reported.! These observed 
infra-red frequencies are in good agreement with the values of 
1319 cm and 749 cm™ which were found to occur in the 
temperature-sensitive ultraviolet bands of nitrogen dioxide.? 
Both », and v2 exhibit doublet structures with rotational 
spacing of about 15 cm™. This spacing leads to a value of 
A”-B” in close agreement with that calculated for the obtuse 
angled structure as determined by electron diffraction.’ Several 
infra-red bands ascribed to nitrogen dioxide have been shown 
by their temperature dependence to belong to nitrogen 
tetroxide. 
1R. Schaffert, J. Chem. Phys. 1, 507 (1933). 


2 Harris, King, Benedict, and Pearse, J. Chem. Phys. 8, 765 (1940). 
3 Claesson, Donohue, and Schomaker, J. Chem. Phys. 16, 207 (1948). 


R10. Isotopic Frequencies in the Microwave Spectra of 
OCS and CH;Cl. D. Branco, G. MATLACK, AND A. ROBERTS, 
State University of Iowa.—Additional isotopic lines have been 
observed in the microwave spectra of OCS and CH;Cl. In 
OCS, a sample enriched in O'8 (kindly provided by Professor 
A. O. C. Nier of the University of Minnesota) yielded the 
following new lines: 


Vi V2 Vs Frequencies of 1-+2 trans. 


1 0 22754.6 +0.2 mc 
01 22871.28+0.1 
0 1 5 4 
O18 Cis S32 0 0 
O18 C2 SH 00 


Isotope 
O18 C12 S33 


The excited vibrational lines provide proof that the vibration- 
rotation constant a varies inversely as the $ power of the 
total mass. The quadrupole coupling of the O” line has been 
determined to be not more than 1 mc. In CH;Cl, triplets 
have been observed due to the chlorine quadrupole splitting 
of the 0—1 transitions of C¥%H;Cl®3?, C®8H,DCI*37, and 
C“HD.CI*37, Accurate values of the frequencies will be 
presented. 


* Supported in part by ONR. 


R11. Quadrupole Interactions in Pressure Broadening of 
Ammonia Inversion Spectrum by Non-Polar Gases.* WILLIAM 
V. SMITH AND RaYDEEN HowarD.—We have measured the 
N2—NHs;, O2:—NHs, and CO:—NHs collision cross sections 
from the pressure broadening of the ammonia inversion spec- 
trum, finding values relative to the NHs—NHs cross section 
of 0.202, 0.115, and 0.455. The first two values check Bleaney 
and Penrose’s values,! confirming the large cross sectioa for 
nitrogen. The value for CO2 may be compared with their value 
of 0.296 for CS: which, with its larger polarizability might be 
expected to have the larger cross section. The anomalous cross 
sections of Nz and CO: can be explained on the assumption 
that these molecules have permanent quadrupole moments of, 
respectively, 0.06 10—* and 0.29 10-* cm?. Interaction of 
the quadrupole and dipole, with an r~‘ law rather than the 
r~ law of polarizable molecules gives the required interaction 
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energy at the observed cross section. The triple bond of N: 
with its abnormally large energy of formation suggests a high 
electronic density between the two nuclei—hence a quadrupole 
moment. The lower quadrupole moment of CS; compared to 
CO: is to be expected from the small difference in electro- 
negativity of carbon and sulfur. 

* The research described in this report was supported by Contract No. 


W-19-122-ac-35 with the Air Forces, Air Materiel Command, Cambridge 
Field Station. 


R12. The Infra-Red Spectrum of Benzene at Liquid-Helium 
Temperature. R. M. HAINER AND GILBERT W. KING, Arthur 
D. Little, Inc.—The infra-red absorption spectrum of solid 
benzene has been investigated between 1200 and 660 cm™ at 
4°K, the temperature of liquid helium. These data were ob- 
tained with a low-temperature infra-red transmission cell 
recently described.! The sample was deposited from the gas 
phase and did not scatter infra-red. Bands were found at 1171 
(weak), 1145 (w), 1141 (w), 1037.5 (strong), 1033 (s), 1009 
(medium), 986.5 (m), 978 (m), 974.5 (m), 706 (s), 680 (v.s.) 
cm}, The pairs 1145-1141, 1038-1033, 978-975 cm~ appear 
to be frequencies degenerate in the isolated molecule, split on 
the average by 4 cm™ by the crystalline field. Slit widths at 
1160, 1000, and 700 cm were 3.5, 2.5, and 1.6 cm™ respec- 
tively. The half-widths of the bands are in all cases greater. 
The band at 1171 is absent at 278°K, is apparent at 60°K, 
then decreases in intensity as the temperature is lowered to 
4°K. Recent interpretations?‘ of the spectrum of benzene are 
not entirely supported by these results. 

1 McMahon, Hainer, and King, Phys. Rev. 75, 1320 (1949). 

2R. D. Mair and D. F. Hornig, Phys. Rev. 75, 1283 (1949). 


3C. K. Ingold et al., J. Chem. Soc. 222 (1946). 
4B. L. Crawford and F. A. Miller, J. Chem. Phys. 17, 249 (1949). 


R13. An Empirical Formula for the Refractive Indices of 
Infra-Red Dispersing Materials. GILBERT W. KiNG, Arthur 
D. Little, Inc—D.S. McKinney and R. A. Friedel! have shown 
the calibration curve of a Perkin-Elmer spectrometer can be 
expressed as a linear relation between the rotation (¢) of the 
wave-length shaft and the quantity u=1/»?—v0?, vo being the 
first reststrahlen. Since the conditions of dispersion are essen- 
tially those of minimum deviation, this result leads to the 
following empirical formula for the refractive index: sin 
= —k,u+ko which fits the refractive indices of the common 
dispersing media within 50 parts per million over the useful 
range in a spectrometer. For purposes of calibration of wave- 
length and resolving power the properties of the refracting 
medium are thus described completely by the single parameter 
k,. The calibration curve can be written (¢—¢0) =2Gk,u. Here 
G(=798.s) is the gear ratio? between the wave-length shaft 
and Littrow mirror and is independent of the prism used. 
Suitable values of ki for KCl, NaCl, CaF2, LiF are 0.01308, 
0.02414, 0.07945, and 0.160 10° radians cm~ respectively. 
Calibration curves from this formula agree within experimen- 
tal error of locating peaks with those obtained from measure- 
ments of known spectra. 

1D. S. McKinney and R. A. Friedel, J. Opt. Soc. Am. 38, 222 (1948). 


2 Obtained by private communication with Dr. Van Zandt Williams of 
the Perkin-Elmer Corporation. 





SUPPLEMENTARY PROGRAMME 


SP1. Brownian Motion in Liquids.* FREDERIK J. BELIN- 
FANTE, Purdue University.—A simple derivation of Einstein’s 
equation for Brownian motion is given, in which the motion 
is regarded as the superposition of motions due to single colli- 
sions. Correlations between collisions are taken into account 
only roughly by a phenomenological friction law. For suffi- 
ciently large particles one can take Stokes’ law for this. The 


number of thermal collisions against a particle of 0.24 diam- 
eter is about 10!7~10" sec.—!, but the number of collisions 
giving an appreciable impulse to the particle is many times 
smaller, as simultaneous collisions from different directions 
tend to neutralize the impulses. Even thus, the number of 
“effective’’ collisions during the “relaxation time” of about 
10-"~10-* sec. (time in which velocity is about halved by 




















friction ) is about 10’, and each such collision alters the velocity 
only slightly. Thus the actual motion is no zigzag, but is 
irregularly curved. For very small particles Stokes’ law will 
break down for Brownian motion; the higher the viscosity of 
the liquid, the sooner this breakdown occurs. (For instance, for 
glycerin at room temperature, Stokes’ law is already in- 
applicable for particles of 1.) Details will appear in the 
American Journal of Physics. 


_* To be presented at the end of Session B if the Chairman rules that 
time permits. 


SP2. An Experimental Limit for the Inequality of the Elec- 
tron and Proton Charges.* VERNON HuGHEs, Columbia Uni- 
versity.—The charge on the CsI molecule is proven to be less 
than 6.5X10-" e.s.u. or 1.4 10-” of the electronic charge by 
a deflection experiment on a beam of CsI molecules passing 
through a homogeneous electric field. This implies that the 
magnitude of the proton charge equals that of the electron 
charge to at least 1.3 parts in 10'4. By measurement of the 
charge of a mass of deionized gas, Piccard and Kessler proved 
that the ratio of the electron charge to the proton charge is 
(—1+5-107*).1 

* To be presented at the end of Session J if the Chairman rules that time 


permits. 
1 A. Piccard and E. Kessler, Archives des Sciences Physiques et Naturelles 


7, 340 (1925). 
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SP3. A Theoretical Treatment of Neutron Attenuation in 
Thick Shields.1 S. W. W. SHor, Massachusetts Institute of 
Technology.*—By application of statistical sampling concepts 
to the Monte Carlo method, a procedure for computing neu- 
tron attenuation through very thick shields has been de- 
veloped. This method allows computation of the fast flux 
transmitted through a thick plane shield with the aid of a 
desk calculator, a table of random numbers, and a table of 
logarithms. The equation actually being solved in the case of a 
plane slab is y(d¢/dz)= —ug +S.” S, K(u, vw’, v, v')odu'dy’. 
Substitution of = ¢e** makes it possible to solve for e** times 
the actual flux through the slab. This transformation, appar- 
ently devised by Herman Kahn, and John von Neumann’s 
“Russian Roulette” are combined to minimize variance of the 
transmitted flux. A sample computation was made assuming 
a beam of fast neutrons incident normally on a plane slab of 
tungsten about 25 relaxation lengths thick. The computation 
gave the flux transmitted after one or more collisions with a 
statistical probable error of less than 10 percent, and required 
five man-days to complete. 


* This is a joint undertaking of M.I.T. and ONR. | A 
1 To be presented at the end of Session J if the Chairman rules that time 


permits. 
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